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Abstract 

Hypoxia-related pathways play key roles in the mechanism that lead to development 

of acute kidney injury (AKI) and clear cell renal carcinoma (ccRCC). This 

dissertation used a pig model of AKI and a mouse model of ccRCC to compare the 

molecular mechanisms of these two disease processes to determine whether AKI may 

contribute to ccRCC risk.  

In the present study we first used next generation sequencing to identify single 

nucleotide variants (SNVs) and splicing effects in the mouse TRACK ccRCC model 

relative to wild-type control mice. This analysis identified multiple variants in 

TRACK mice, including an intronic variant in the NDUFA4L2 locus predicted to alter 

splicing and a coding variant in the CES3 gene. We analyzed the prevalence of 

mutations and differential expression in these genes in human ccRCC genomic data. 

Our study has identified a novel CES3 mutation in mice over-expressing HIF-1α and 

several other genes like Hilpda, Zbtb38, Cdc58, Plekhm2 and Aldoa illustrated splice 

junctions variations. The association of these genes with ccRCC have to be 

investigated. Our results showed over expression of MYC and ANXA2 gene in both 

AKI and ccRCC model and in human ccRCC as well. 

Secondly, we used RNA sequencing to compare the transcriptome of kidney samples 

from the pig and mouse models of AKI and ccRCC respectively. This analysis 

identified a network of genes deregulated in both AKI and ccRCC. The expressions of 

these genes were further analyzed in the cancer genome atlas patient ccRCC (KIRC) 

RNA sequencing dataset. Collectively these analyses have identified increased 

expression of MYC as an important driver of the pathogenic processes in both AKI 

and croc. Further retrospective clinical studies are now warranted to investigate 

whether AKI predisposes to ccRCC in people.  
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Chapter 1:  Introduction 

 

1.1 Kidney 

In vertebrates, several essential regulatory functions are performed by kidney. These 

functions are underpinned by a complex anatomical architecture which facilitates the 

physiological and molecular functions of the kidney. The mature human kidney 

measures approximately 12x6x2.5 cm
3 

(Arooj et al., 2011; Sm Nurul Hassan, 2013; 

Murlimanju et al., 2014).  Most individuals have two kidneys, although, individuals 

with one kidney or a fused, “horseshoe” kidney is not rare (Mirzazadeh and Richards, 

2011; Nikumbh et al., 2014; Pupca et al., 2014; Rao and Battula, 2015).  

The kidney is an essential organ associated with the maintenance of the electrolytes, 

acid-base equilibrium and blood pressure in addition to the urine production by 

filtration and elimination of all the soluble wastes (e.g. urea and ammonia).  In order 

to produce about one litre of urine in a day it filters out about 1700 litres of blood 

(Fritzbefatsrg, 1984;Guyton,1996; Zaman et al., 2011; Barron,2012; Ahmed, 2015). 

During filtration process useful components such as water, amino acids and glucose is 

reabsorbed (Guyton, 1996). 

1.2 Location and Structure 

Kidneys, as a paired organs located in the posterior region of the visceral cavity 

behind peritoneum.  The “bean” shaped structure of the organ provides two sides of 

the kidney; the convex side positioned laterally whereas concave side is placed 

medially. Anatomically the left kidney are slightly superior to the right kidney since 

on right side the lobes of liver are bigger compare to left side. The kidney is protected 

internally by its surrounding fat named as Perirenal fat whereas ribs and back muscles 

keep safe from external shocks. 
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Outermost covering of kidney (renal capsule) is made up of fibrous connective tissue 

that act as firm outer shell and internally separated into three regions: outer cortex, 

middle medulla and renal pelvis in region of hilum. Renal hilus an indentation on the 

concave side of kidney helps to arrange space for distribution of renal arteries/veins 

and ureter ducts entering into the kidney.  Inside kidney, the seven cone-shaped 

structure called as renal pyramids extend from medulla region to the renal cortex and 

each apex of the cone combine to form a small tubular structure termed minor calyx 

which collect urine. Further, many minor calyx unite to form major calyx and these 

unite to form a hollow renal pelvis. The renal pelvis drain urine into ureter after it 

came out of the kidney at hilus (Vander et al., 1985). 

1.2.1 The Nephron 

The nephron epitomizes the microscopic structural and functional filtration units of 

kidney which possess approximately more than 1x10
6
 nephrons. It comprises of the 

renal corpuscle and renal tubule which are responsible for the reabsorption or 

secretion of components. The renal corpuscle is characterized by presence of fine 

glomerular capillaries and capsule. The renal corpuscle is characterized by presence 

of fine glomerular capillaries and a hollow cup-shaped capsule which is also called as 

Bowman‟s capsule. The glomerulus is physiologically very important as it increases 

the surface area of blood in contact the wall of blood vessel. The special epithelial 

cells, known as podocytes, act as thin filter within the endothelium to filter urine from 

the blood of glomerular capillaries. The renal tubule comprises 3 parts: proximal 

convoluted tubule (PCT), distal convoluted tubule (DCT) and collecting duct (CT), all 

these together concentrates urine by recovering valuable solutes from the urine and 

allows its passage towards the renal pelvis coming via glomerular capsule. The urine 

first pass through proximal convoluted tubule (PCT) where reabsorption of large 
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quantity of water and nutrients take place then urine pass through Henle‟s loop (LH), 

distal convoluted tubule (DCT) and finally from DCT of various nephrons. Further, it 

enters into collecting duct (CT) and finally passes resolute urine into the renal pelvis 

via the renal medulla (Guyton, 1996). 

1.3 Kidney Functions 

To maintain the homeostasis of entire body through regulation of acid-base 

equilibrium, regulation concentrations of electrolytes, volume of fluid, blood pressure 

are the prime functions of Kidney. and it also exhibits an endocrine functions 

(DeFronzo et al., 2011; Brown ad Wagner, 2012; Raghavendra et al., 2013; 

Cersosimo et al., 2014; El-Sharkawy et al., 2014; Hamm et al., 2015).  

1.3.1 Filtration, Reabsorption and Secretion 

Three crucial mechanisms accomplished in the kidney nephrons are filtration, 

reabsorption, and secretion. Renal corpuscle involves infiltration process in which 

larger components (which includes cells as well as proteins) are sieved out from the 

blood to produce ultra-filtrate. The kidney produces approximately 2 litres of urine by 

reabsorbing a large percentage of ultra-filtrate which is usually 180 litres a day - 

(Gilbert et al., 1992; Guyton, 1996). 

1.3.2 Water Homeostasis 

The quantity of water in the body is controlled by kidney through reabsorption 

process that leads to production of concentrated urine and it helps to preserve water in 

the body. The normal plasma osmolarity is retained by reabsorption of water which is 

enhanced under the influence of hormones, aldosterone and antidiuretic hormone 

(ADH) (Gilbert et al., 1992; Guyton, 1996). ADH stimulates the production and 
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insertion of water channel proteins, aquaporin-2(AQP2) present in the collecting ducts 

to allows passage of water from urine into tubule cells and into blood, whereas 

aldosterone increases of sodium and chloride ions which lead to more movement of 

water into blood via osmosis (Kanikowska et al., 2009; Gomes et al., 2009). 

1.3.3 Acid/Base Homeostasis 

Acid-base homeostasis is maintained by kidney through regeneration of bicarbonate 

ions (HCO3-) in urine and excretion of H
+ 

ions and certain acid anions into urine.  

During filtration period both ions are filtered from the blood, however selectively 

bicarbonate ions are absorbed in the tubule cells and hydrogen ions are allowed to be 

excreted in urine. As soon as the physiological pH of blood decreases i.e. blood 

becomes more acidic, the tubule cells may actively secrete hydrogen ions into the 

urine (Gilbert et al., 1992; Guyton, 1996). 

 

1.3.4 Electrolyte Homeostasis 

Sodium and potassium (Na
+
, K

+
) are important for various physiological activities 

such as functioning of neuron, regulation of blood pressure, contraction of muscles, 

and regulation of volume of blood. In excess of ninety-nine percent of sodium and 

approximately sixty to eighty percent of the potassium ions are reabsorbed in PCT 

and LH (Gilbert et al., 1992; Guyton, 1996; Palmer and Schnermann 2014).  In 

addition, kidney improved the calcium ions under the influence of parathyroid 

hormone in response to very low level of calcium in blood. 

Many other electrolytes including chloride, calcium and magnesium are vital for 

establishment of neuron‟s electrical potential of and muscle cells. Likewise, metal 
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cations including magnesium, sodium and potassium are important muscle 

contraction, neurotransmitter release by neurons and for proper function of enzymes 

that require ATP, DNA, and RNA (all containing phosphate compounds).These 

elements are predominantly reabsorbed by proximal convoluted tubule and loop of 

Henle (Gilbert et al., 1992; Guyton, 1996). 

1.3.5 Renal endocrine functions  

The kidney also plays role as endocrine gland by producing the hormone 

erythropoietin and calcitriol. The peritubular cells of the capillaries produce 

erythropoietin under hypoxic condition, which enhances the production of RBCs that 

to increase oxygen transport. The production of EPO is associated to the level of 

oxygen level (Gilbert et al., 1992; Guyton, 1996). The proximal convoluted tubule 

(PCT) has the potential to produce calcitriol that is an active form of vitamin D, using 

inactive form of vitamin D and then move from kidneys to intestine via the 

bloodstream, where it help in calcium absorption from food present in lumen of 

intestine. 

Other hormones produced elsewhere but influence the function of kidneys: 

Antidiuretic hormone (ADH, also called as Vassopressin) is secreted by 

hypothalamus in response to reduced volume and increased osmolarity of the blood. 

Likewise Angiotensin II is synthesized by hepatocytes and can to be transformed to 

active form by the enzymes (renin and angiotensin) and influence absorption of 

sodium and calcium ions along with water in the PCT (Gilbert et al., 1992; Guyton, 

1996). 

In response to Angiotensin II, Aldosterone is produced in the adrenal cortex  which 

help in balancing of ions (Na
+
, Cl

- 
and K

+
) by stimulating target cells of nephron and 
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collecting duct. Another Atrial natriuretic peptide (ANP) produce by the cardiac cells 

promotes blood flow into the glomerular capsule and renal tubules by increase in the 

glomerular filtration rate. Thus the main functions associated with ANP include 

increased excretion of sodium ions and water into urine, reduce volume of blood and 

blood pressure (Gilbert et al., 1992; Guyton, 1996). 

1.4 Developmental Physiology 

Initial development of kidney can be observed as result of successive morphogenetic 

steps firmly controlled in time and space. Apart  from common development 

processes for other organs like interactions of epithelial and mesenchymal cells, 

branching morphogenesis, maintenance of stem & progenitor cells and differentiation 

of cells, their migration, defined pattern of cell division, and interactions of ECM 

(cell-extracellular matrix) in kidney development have some unique events. These 

events include highly specialized structures differentiation like glomerulus formation 

and mesenchymal-epithelial transition (MET) to form the nephron (Quaggin and 

Kreidberg, 2008, Costantini and Kopan, 2010). 

The mammalian kidney develop by nephrosis i.e. development from intermediate 

mesoderm. The three development phases that follow one another include formation 

of pro-, meso-, and meta- nephros (Carlson, 2004). The epithelium of nephron as well 

as collecting ducts are known to originate from intermediate mesoderm during the 

process of embryogenesis, however, the source of development of vasculature is 

different.  The process of organogenesis of kidney begins with the induction of pro-

nephros and proceeds till the accomplishment of meta-nephros (Kuschert et al., 2001, 

Bouchard et al., 2002). 
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1.4.1 The genes involved in specifying the kidney. Are these genes important in 

ccRCC? 

 A limited number of genes are identified which can influence the pro- and 

mesonephros formation in advanced vertebrates Bouchard (Stec et al., 2009b). 

However, paired domain transcription factors such as Pax2 and Pax8 have been 

identified to be important for specifying the nephric lineage (Bouchard et al., 2002). 

1.4.2 Stem and Progenitor cells 

Ability of indefinitely proliferation is the characteristic feature of cancer cells 

(Hanahan and Weinberg, 2011a). There is resemblance between self- renewal 

property of stem cells and cancer cells which generate the concept of cancer stem 

cells (CSCs) (Reya et al., 2001). Mierau and colleagues reported that nephroblastomas 

regenerate normal embryonal kidney that are  ultrastructurally and histologically 

similar (Mierau et al., 1987). In addition, it also mimics embryonal kidney (8 weeks 

of gestation) in overall gene expression (Dekel et al., 2002). Multiple interfaces 

among the ureteric bud, the compressed metanephric mesenchyme around the 

ureterical buds along with the stromal mesenchyme leads to normal nephrogenesis 

and further mature nephrons results as an outcome of differentiation in condensed 

metanephric mesenchyme (Saxen and Sariola, 1987, Dressler, 2006). 

The multipotent cells of the metanephric mesenchyme give rise to all cell types of the 

nephron by the process of differentiation ( Herzlinger  et al., 1992; Qiao et al., 1995; 

Al-Awqati and Oliver, 2002). Multiple genes viz WT1 (Wilms tumour 1), HOX11 

(homeo box11), PAX2 (paired box 2), SIX2 (sine oculis homeobox 2), and EYA1 (eyes 

absent homolog 1) are essential for precise development of the metanephric kidney 

(Wellik et al., 2002; Schwab et al., 2003; Metsuyanim et al., 2008; Patel and Dressler; 
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2013). The first gene was WT1which showed genetic link between embryogenesis and 

tumourigenesis (Huff, 1998; Discenza etal., 2003) and later on PAX2 have been 

recognized in the process of  the development of nephroblastomas (Maschietto et al., 

2011). SIX2 gene was identified in the metanephric kidney, which morphologically 

similar to blastema in nephroblastomas and have vital role in renal development 

(Huff, 1998; Kobayashi et al., 2008; Sehic et al., 2012) and controls renal progenitor 

cells that are dedicated  to epithelial differentiation (Self et al., 2006; Kobayashi et al., 

2008; McLaughlin et al., 2013; Adli, et al., 2015). 

1.4.3  Cancer stem cells 

Low occurrence in cell culture systems as well as in tissue samples are the main 

hindrance in characterization of adult stem cells. Recent research has been successful 

in characterizing and identifying genes markers of stem cells (Tabrizi, et al., 2013).  

Numerous potential markers comprising Oct-4, Sox2, Thy1, Cripto, FGF4, A zfp-42 

(Rex-1) and Lefty of human embryonic and stem cells adult stem cells have been 

identified (Abeyta  et al., 2004; Nakatake et al., 2006; Kashyap et al., 2009; Calloni et 

al., 2013).  Bussolati et al. used cell sorting to identify a group of tumour-initiating 

cells with a mesenchymal marker CD105. The cells account for less than 10% of the 

tumour mass which are expressing mesenchymal marker CD105 which expressed 

mesenchymal stem cell markers like vimentin CD29,CD44, CD73, CD90and CD146. 

In addition, it also expressed embryonic renal marker Pax2 along with embryonic 

stem cells markers like Oct4, Nestin, Nanog and Musashi. CD105 expressing cells 

may signify a tumour-initiating cell with mesenchymal features which may have 

origin from local renal stem cells. Remarkably, CD105 expressing cells do not 

express CD133 which exist in the tubular compartment progenitors of adult kidney 

(Bussolati et al., 2005, Sallustio et al., 2010, Bussolati et al., 2012). In renal clear cell 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Kobayashi%20A%5BAuthor%5D&cauthor=true&cauthor_uid=18682239
https://www.ncbi.nlm.nih.gov/pubmed/?term=McLaughlin%20N%5BAuthor%5D&cauthor=true&cauthor_uid=23867747
https://www.ncbi.nlm.nih.gov/pubmed/?term=Adli%20M%5BAuthor%5D&cauthor=true&cauthor_uid=25560433
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carcinomas, CD133+/CD34 cells isolation and characterization revealed the existence 

of cells with particular progenitor functions. These cells have aptitude to differentiate 

into epithelial and endothelial but lost the tumour-initiating ability (Bruno et al., 

2006). 

1.4.4  Identification and Isolation of putative kidney stem cell 

Stem cells have been identified in different organs such as bone marrow, 

gastrointestinal mucosa, liver, brain, prostate, and skin (Alison et al., 2001, Bernard-

Kargar and Ktorza, 2001, Forbes et al., 2002, Morrison et al., 1999, Wright, 2000). In 

kidney, there are indications that stem cells exist in the metanepheric mesenchyme 

and differentiate into all other cell types (Herzlinger et al., 1992, Oliver et al., 2002, 

Lindgren et al., 2011, Hansson et al., 2014). Other putative candidate stem cells in the 

adult mammalian kidney have been identified from renal carcinomas using different 

identification methods (Hansson et al., 2016, Maeshima et al., 2003, Oliver et al., 

2004, Maeshima et al., 2006, Kitamura et al., 2005). In the kidney different methods 

with their own limitations identify resident progenitor cells from differentiated adult 

cells are (1) detection of label-retaining properties (so-called label-retaining cells) due 

to low proliferative activity of stem cells, (2) detection of Hoechst dye extrusion via 

ATP binding cassette transporters by fluorescent-activated cell-sorting analysis 

(Challen et al., 2006, Addla et al., 2008), (4) stem cell marker expression analyses 

(CD133, CD24, CD106, stem cell antigen-1, and transcription factors specific to stem 

cell ( Oct-4 and Bml-1), and (5) genetic reporter systems, (Wilson and Thompson, 

2007) selective culture conditions (Bertoncello and Williams, 2004). 
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1.4.5  Renal regeneration  

There is evidence that stem cells can proliferate, dedifferentiate, and ultimately re-line 

shed kidney tubules, re-establishing the structural and functional veracity of the 

kidney (Bacallao and Fine, 1989, Safirstein, 1999, Maeshima et al., 2002, Safirstein et 

al., 1990 1994). The molecular events involved in the renal regeneration have now 

been characterized, and success has been achieved in expediting the process of repair 

in the experimental models as well as in humans. But classically the kidney is 

regarded as an organ incapable of true regeneration although this remains largely 

unexplored. It has a noteworthy capability to survive injury and re-establish function 

regardless of a limited turnover of cells under physiologic conditions. The shedding of 

68,000–72,000 cells/hr from the kidney (Prescott, 1966) and the documented renal 

repair that follows damage propose that there is constant cellular renewal in the 

mammalian kidney (Witzgall et al., 1994, Challen et al., 2006, Little and McMahon, 

2012, Rinkevich et al., 2014). 

Two different approaches either non-transgenic (Poulsom et al., 2001, Gupta et al.), or 

transgenic  (Duffield et al., 2005, Kale et al., 2003, Lin et al., 2005)  were shown by 

several groups for the tubular compartment that bone marrow derived stem cells 

(BMSCs) were found in the tubular epithelium following injury. The lineage tracing 

experiments showed tubular regeneration occurred from intrinsic surviving tubular 

epithelial cells (Miyazaki et al., 2014)  Renal Progenitor Cells in different sections of 

kidney to recover from injury are as 1) in  tubules are CD106 (vascular cell adhesion 

molecule 1) with additional low proliferation CD133 + , CD24 + STCs (CD106) from  

CD133 + , CD24 + PECs (CD106 + (Angelotti et al., 2012) 2) glomerulus  stem cell 

markers CD133, CD24 and the podocyte protein podocalyxin (PDX) (Ronconi et al., 

2009) . 
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1.5 Acute kidney Injury (AKI): 

1.5.1  Definition and staging of AKI, Estimation of kidney function: 

Acute kidney injury may be broadly explained as “an unexpected and continued 

deterioration of kidney functions”. Clinical signs include a sudden drop in the rate of 

rate glomerular filtration (GFR), resulting in loss of equilibrium in electrolytes,  acid 

base  instability in volume of extra cellular  fluid, inability to excrete nitrogenous 

waste products and often reduced urine output (Reya et al., 2001). Till the date 

confusion is going on like how best to assess kidney function include what markers 

are that best reflect it, and what values of these markers distinguish normal from 

abnormal kidney function. 

More than 35 definitions of AKI have been stated in the literature (Angelotti et al., 

2012). The Acute Dialysis Quality Initiative to promote a reliable and stable 

definition of AKI for assessment of study results convened an international consensus 

panel in 2002 and offered the RIFLE criteria for use in adversely ill adults (Witzgall 

et al., 1994, Poulsom et al., 2001). The various changes observed in AKI when 

compared to the patients baseline kidney functions is utilized by the RIFLE to classify 

AKI in increasing severity of 5 categories:  three ranks of enhanced severity Risk (R), 

Failure (F), Injury (I) and two attributes to variable functional loss of kidney (L), and 

End-stage kidney disease (E).The changes in filtration rate of glomerulus from a 

baseline and urine output are designated the first three severity levels (Risk, Injury 

and Failure). 

The severity spectrum of AKI is broad, starting with risk of patients due to genetic or 

clinical risk factors, proceeding to renal injury or dysfunction and finally resulting 

into acute renal failure (ARF). It can represent as elusive structural and biochemical 
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changes, minimal elevations in serum creatinine, or anuric renal failure (Kidney 

Disease: Improving Global Outcomes (KDIGO) Acute Kidney Injury Working 

Group, 2012). AKI can also arise as a comorbidity in critically ill children and adults 

(Duffield et al., 2005, Gupta et al., 2002) and increases risk of mortality in these 

patient populations independently (Kale et al., 2003, Duffield et al., 2005, Miyazaki et 

al., 2014, Lin et al., 2005). Also AKI can arise during acute hospitalization. However 

patients experiencing an AKI do usually require dialysis treatment. 

Over the years there has been improvement in the usage of terminologies for AKI still 

currently three definitions are in practice (Table 1.1); 1) The Acute Dialysis Quality 

Initiative “RIFLE” criteria (Kitamura et al., 2005) that show risk, injury, failure, loss 

and ESRD 2) “AKIN” (Acute Kidney Injury Network) criteria (Angelotti et al., 2012) 

and 3) “AKI (Bonventre)” criteria. In 2012 the international guideline group 

published the AKI guidelines by name Kidney Disease: Improving Global Outcomes 

(KDIGO) that has now planned a combination of RIFLE and AKIN, and this 

definition seems likely to be globally accepted (Ronconi et al., 2009).  
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Table 1.1. Three different definitions of AKI with different stages. 

 RIFLE AKIN AKI 

Stage Serum 

Creatinine 

criteria 

MDRD 

eGFR 

Criteria 

Anuria 

Criteria 

Stage 

 

 

Aerum Creatinin Stage  

Risk 

 

 

Injury 

 

 

Failure 

>1.5×baselin

e over 7 days 

>2×baseline  

 

over 7 days 

 

 

 

>3×baseline 

over 7 days 

>25%×decrea

se over 7 days 

 

>50%×decrea

se over 7 days 

 

 

>75%×decrea

se over 7 days 

 

 

 

 

 

, 

Anuria 

for>12h 

1 

 

 

2 

 

 

3 

>1.5×baselineor 

>26mmol/l increase 

over 48 hours 

 
>2×baselineor over 48 

hours 

 

 

 

> 3×baseline or >44 

mmol/l increase if 

baseline >300 mmol/l 

over 48 hours or any 

RRT or anuria for> 12 

h 

1 

 

 

2 

 

 

3 

> 26 mmol/l increase 

over 24 hours or >44 

mmol/l over 48  

 

> 44 mmol/l increase 

over 24 hours or >88 

mmol/l over 48 h 

 

> 88 mmol/l increase 

over 24 hours or >13 

2 mmol/l over 48 h 

 

Any degree of kidney injury, including mild and reversible AKI, can have significant 

implications for patient health and can lead to important clinical consequences 

including increased mortality (Oliver et al., 2004, Uchino et al., 2006). Indeed the 

published evidence indicates state that mild injury to the renal system begins quite 

earlier before the loss of function of kidney can be detected by using standard 

available tests (Safirstein et al., 1990, W., 2012). 

1.5.2  Clinical significance of AKI 

AKI is related with significant morbidity, mortality and common worldwide. AKI 

also has significant impacts on healthcare resource expenditure and is associated with 

an increased danger for progression to CKD particularly in patients who are critical ill 

(de Mendonça et al., 2000, Chertow et al., 2005, Uchino et al., 2005, Leung et al., 

2012). A meta-analysis based study highlighted that the occurrence of AKI in adults 
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(21.6%) and children (33.7%) when KDIGO (the Kidney Disease Improving Global 

Outcome) definition was used (Susantitaphong et al., 2013). 

Recently in 2015 Xiong et al in his twelve meta-analysis studies accounted 138,521 

patients that have the AKI incidence in ICU (intensive care unit). Among them 

patients were detected with AKI based on the classification of RIFLE (50,054 

patients) and classification of AKIN (50,521 patients). The AKI incidence ranges 

from 18.13%–66.67% and 24.14%–76.67% based on classifications of RIFLE and 

AKIN, respectively (Polyak and Hahn, 2006). 

Earlier similar findings were reported by Bagshaw et al and Ostermann and Chang,  

and they state that the rates of AKI is considerably higher (upto 85%) in patients in 

within intensive care units (ICU) and about 15% required kidney replacement (Polyak 

and Hahn, 2006, Reya et al., 2001). Consistent with this, the UK Intensive Care 

National Audit Research Centre (ICNARC) in 2008 reported that about 10% ICU bed 

days is accounted by AKI (Kolhe Nv, 2008) and further AKI requirement of renal 

replacement therapy (Metnitz et al., 2002). 

1.5.3  Etiology of AKI 

Over the past decade the etiology of AKI has changed from earlier primary renal 

disease to complications of other systemic illness (Hui-Stickle et al., 2005, Symons et 

al., 2007, Askenazi, 2011). Even today AKI remains untreated in the absence of 

pharmacological treatments inspite of attempts that have able to successfully clinical 

staging, discovery of clinical based specific novel renal biomarkers, and ability to 

understand pathophysiology (Zuk and Bonventre, 2016). There is high prevalence of 

AKI due to shortage of skilled professionals in healthcare and under-utilization of 

detection tests and dialysis in lower- and middle-income countries. In addition to this 
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high burden on human and high number of under estimation of actual occurrence of 

AKI further deteriorates the problem. But in the developed countries, AKI seems too 

apparent in elderly patients in ICU. However in the less developed countries young 

adults and women belonging to lower or middle income class are at risk to succumb 

to death (Cerdá et al., 2008, Jha and Parameswaran, 2013). 

AKI is commonly multifactorial, especially in adversely ill patients, resulting from 

conditions such as hypotension, sepsis, congenital heart disease, ischemic injury, 

nephrotoxins or malignancy (Hui-Stickle et al., 2005, Vachvanichsanong et al., 2006, 

Kale et al., 2003, Symons et al., 2007, Pannu and Nadim, 2008, Palmieri et al., 2009, 

Duzova et al., 2010, Schneider et al., 2010). The manifestations and clinical 

consequences of AKI are usually similar regardless of etiology. 

AKI is traditionally pathologically classified by the location of the pathophysiology 

relative to the kidney; „pre-renal‟ diseases alter the perfusion of the kidney, affecting 

oxygen delivery to the organ, „intrinsic‟ diseases cause damage within the kidneys 

themselves, and obstructions of the urinary tract are considered „post-renal‟ injury 

(Andreoli, 2009, Zappitelli and  2009, Gupta et al., 2002). Each of the conditions 

related to the development of AKI causes renal injury through different mechanisms. 

Pre-renal AKI are consequences of renal hypo-perfusion due to low intravascular 

volume triggered by dehydration, fluid shifts outside the intravascular space or 

systemic vasodilation or low circulating volume from poor cardiac or, capillary leaks 

(Zappitelli and  2009). Although this is rare, pre-renal AKI can also arise due to renal 

artery stenosis or compression. A rapid replenishment of fluid volume to the kidney 

can restore renal function before acute tubular necrosis (ATN) occurs. ATN can also 

arise due to lack of oxygen/ischemia in renal tissue or toxic or vascular insults to the 
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kidney or through inflammatory mechanisms and leads to damage or destruction of 

the internal structures of the kidneys, particularly the tubules. This loss of tubular 

epithelia initiates the pathophysiological processes of ischemic renal injury restoration 

of intravascular volume not able to restore kidney function. 

Any acute decrease in kidney function as an outcome of direct damage to renal tissue 

causes intrinsic form of AKI (Zappitelli and  2009), the most commonly observed 

AKI in the ICU as result of acute tubular necrosis. The post-renal AKI results from 

ureteral obstructions due to stones or blood clots. 

In the paediatric ICU setting, this could rarely lead to AKI and is generally associated 

with tumors or mass effect, stones or blood clots and  a common comorbid condition 

in critically ill children (Basu et al., 2011; Ricci et al., 2008). Unappreciated catheter 

obstructions in children with Foley catheters could also lead to the development of 

post-renal AKI. 

1.5.4  Outcomes of AKI 

In hospitalized patients AKI is associated with serious complications and is also 

related enhanced utilization of resource (Chertow et al., 2005, Lahoti et al., 2011, 

Parikh and Shaw, 2012), higher short- and long-term mortality (Chertow et al., 2005, 

Uchino et al., 2006, Bouzas-Mosquera A, 2009, Nin et al., 2010, Li et al., 2011, 

Mandelbaum et al., 2011, Wang et al., 2012b), and a higher risk for the CKD 

development (Lafrance et al., 2010, Chawla et al., 2011, Wu et al., 2011, Bucaloiu et 

al., 2012). 

There were studies conducted to explain death of AKI patients. Based on RIFLE 

classification AKI patients were diagnosed (Basu et al., 2011) and out of these 13,423 

patients suffered mortality in hospital. Likewise, 50,275 AKI patients were diagnosed 
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using AKIN classification and out of these 13,279 patients suffered mortality in 

hospital. So, the mortality in hospital based on classification of RIFLE and AKIN 

contributed to 0.27 and 0.26 respectively, however none of these classifications were 

statistically significant. In 110 studies that include 99 of Adults and 11 of children, 

used a KDIGO- equivalent definition and measured mortality as well as the pooled 

AKI-associated all-cause mortality rate that was 23.0% (95% CI, 22.1) (Polyak and 

Hahn, 2006). 

1.5.5 Costs of AKI to healthcare systems  

AKI is related to high individual morbidity and mortality causes heavy monetary 

burdens correlated with more length of stay in the hospital, requirement of more 

complex interferences and serious care services. Together with acute hospital 

admissions, critical care and renal replacement therapy (RRT), it is assessed that total 

costs in a year of AKI (Kerr et al., 2012) was 0.4 - 0.6% of the total UK NHS budget 

(range between £434 million and £620 million in 2009–2010)  (Kerr M, 2012, Kerr et 

al., 2014). In addition, the long-standing cost of subsequent chronic kidney disease 

along with RRT, once end stage renal failure (ESRF) is achieved. Added to this is the 

long-term cost of following chronic kidney disease, together with renal replacement 

therapy if end stage renal failure (ESRF) is reached (Kerr et al., 2012).   UK Intensive 

Care National Audit Research Centre (ICNARC) suggests from their data collection 

that nearly 10 percent of all ICU bed days for AKI (Kolhe Nv, 2008). AKI following 

RRT has been reported to account for 4.9% of all admissions to Intensive Care 

(Metnitz et al., 2002). The varying definitions of AKI stated in the literature leads to 

confusion while comparing these studies. However, it was over since 2004 when more 

specific terminology and most conventional definitions of AKI published (Sm, 2010, 

Cruz et al., 2010) that empowered healthcare professionals to define the disease more 
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precisely. This definition extended with a band of injury severity ranging from milder 

self-limiting forms to more advanced AKI possibly needs RRT. For these reasons the 

development of novel approaches to identify, treat, prevent and manage AKI is a 

clinical imperative. 

1.5.6 Novel Biomarkers of AKI 

A number of new peripheral biomarkers have been identified to improve the diagnosis 

of AKI that as certain initial stress responses of the kidney and appear in the plasma 

or urine before creatine levels in the serum become apparent (Devarajan, 2011). 

Neutrophil gelatinase-associated lipocalin (NGAL) is one of the most widely studied 

and validated initial stage biomarker in children for AKI. Increased NGAL 

measurements have also been correlated to the duration of stay in hospital and 

severity of AKI (Bennett et al., 2008, Dent et al., 2007, Goldstein, 2011, Krawczeski 

et al., 2011, Parikh and Shaw, 2012, Parikh et al., 2011). Using this approach, AKI 

become evident just one to two days before with corresponding increases in serum 

creatinine (Zappitelli et al., 2007, Wheeler et al., 2008, Zuk and Bonventre, 2016). 

Recently meta-analyses of NGAL studies in children and critically ill adults showed 

noteworthy associations between increasing NGAL levels with clinical outcomes that 

included mortality, duration of stay and the initiation of therapy for renal replacement 

and hence confirmed the clinical utility of this marker as an early indicator of AKI 

(Haase et al., 2009, Haase et al., 2011). 

Serum cystatin C levels have also been highly correlated with AKI and used as a 

marker of disease progression after kidney transplantation  (Gourishankar et al., 

2008). Furthermore, kidney injury molecule-1(KIM-1), interleukin-18 (IL-18) and 

fatty acid binding-protein in liver are shown to be associated with renal ischemia 
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(Devarajan, 2008, Parikh et al., 2007). Recent reports have shown that the predictive 

ability of a biomarkers which have relatively low prognostic abilities to foresee 

worsening kidney function are enhanced when it combined with clinical markers 

(Koyner et al., 2010, Hall et al., 2011, Koyner et al., 2012, Arthur et al., 2014). 

Although, use of biomarkers is a rapidly evolving field, to date biomarkers have not 

been well integrated into clinical practice and  therefore currently not a certain 

practical method to assess and diagnose acute kidney injury (Zuk and Bonventre, 

2016). 

1.6  Estimation of kidney function  

In daily clinical management of kidney disorders, kidney products including serum-

creatinine, urea and cystatin C, are the most common analyses conducted but for 

accurate assessment of kidney function GFR measurement corrected to the body 

weight is taken into account and this is conducted by measuring the clearance of a 

substance from plasma (plasma clearance). To evaluate renal function especially for 

medical investigation require large/ extensive sampling which include: creatinine, 

cystatin C, C-reactive protein, blood count, and estimated GFR, plasma-glucose, 

Sodium, potassium, sedimentation rate, liver function tests (ASAT, ALAT, LD, 

Bilirubin, GT, ALP), lipids (cholesterol, LDL, HDL, TG), albumin, parathyroid 

hormone levels, calcium and phosphate, urine-electrophoresis, uric acid, urea, urine 

dip sticks, diurnal U protein/albumin, Urine-electrophoresis, antibodies against 

basement membrane of glomerulus,  titres of antibody for evaluation of antinuclear 

antibody, anti-neutrophil cytoplasmic antibody. Chronic kidney disease, is associated 

with severe kidney dysfunctionality and has several characteristic features like 

increased serum creatinine, anaemia, urea, urate and hyper-phosphataemia, acidosis. 
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hypercalcaemia. In addition to these sometimes it shows hypocalcaemia and hypo-

albuminaemia and albuminuria conditions. 

1.7  Renal cancer  

It is estimated that ~3% of total malignant tumours in adults arise within the kidney. 

Cancers of the kidney are composed of a heterogeneous group of sporadic or 

hereditary cancers called renal cell carcinoma (RCC). According to Siegel et al, the 

frequency of kidney cancer is lower than for lung, breast, prostate and colorectal, but 

RCC is more lethal. It is projected that in United States there will around 62,700 new 

cases of cancers associated with kidney and renal pelvis in 2016 (Siegel et al., 2016). 

1.7.1 Sporadic and hereditary renal cancer 

Kidney cancer can arise both in sporadic and hereditary forms (Zbar, 2000, Phillips et 

al., 2001, Choyke, 2003). For example, sporadic RCC are typically unilateral and 

unifocal whereas hereditary renal tumours are often bilateral and multifocal. The age 

at diagnosis is significantly lower in hereditary kidney cancer (4th decade of life) as 

compared to sporadic renal tumours (6th-7
th

 decades). However, the sporadic forms of 

kidney neoplasms are much more common than the hereditary ones. Interestingly, 

sporadic renal cancers develop more frequently in men whereas the incidence of 

hereditary renal tumours is equal in men and women. One the main challenges in 

achieving a durable cure in patients with RCC is that the developing tumour often 

remains asymptomatic until it has metastasized. As outlined later, there are limited 

therapeutic options for metastatic RCC. For these reasons there is an urgent need for 

improved methods to diagnose individuals having higher chances of developing RCC 

and to identify patients harbouring RCC earlier in the disease process.  
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1.7.2 Hereditary renal cancer and the Von Hippel Lindau Syndrome 

Hereditary forms of RCC have provided valuable insights into the molecular 

mechanisms contributing to RCC. Genetic and clinical studies of families with 

hereditary forms of kidney cancer revealed that renal carcinoma is comprises of 

pathologically distinct renal cancer types and is not a single disease. Based on their 

histo-pathology renal cancers are classified into several morphological subtypes 

(Kovacs et al., 1997b, Pavlovich and Schmidt, 2004, Linehan et al., 2007).  Renal 

tumours can be identified as clear cell RCC (75% of RCC cases), papillary (10-15%), 

oncocytoma (5%) & chromophobe RCC (5%). Genetic diseases predisposing to the 

development of specific subtypes of kidney tumours and their associated contributory 

genes have been identified. There are four distinct types of hereditary renal cancer 

with their associated causative genes: von Hippel Lindau (VHL), hereditary papillary 

renal carcinoma (HPRC), hereditary leiomyomatosis renal cell cancer (HLRCC), as 

well as Birt-Hogg-Dubé (BHD) syndrome. 

1.7.3 1.14 Hereditary renal cancer and the Von Hippel Lindau Syndrome 

Hereditary forms of RCC have provided valuable insights into the molecular 

mechanisms contributing to RCC. Genetic and clinical studies of families with 

hereditary forms of kidney cancer revealed that renal carcinoma is comprises of 

pathologically distinct renal cancer types and is not a single disease. Based on their 

histo-pathology renal cancers are classified into several morphological subtypes 

(Kovacs et al., 1997b, Pavlovich and Schmidt, 2004, Linehan et al., 2007).  Renal 

tumours can be identified as clear cell RCC (75% of RCC cases), papillary (10-15%), 

oncocytoma (5%), & chromophobe RCC (5%). Genetic diseases predisposing to the 

development of specific subtypes of kidney tumours and their associated contributory 
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genes have been identified. There are four distinct types of hereditary renal cancer 

with their associated causative genes: von Hippel Lindau (VHL), hereditary papillary 

renal carcinoma (HPRC), hereditary leiomyomatosis renal cell cancer (HLRCC), as 

well as Birt-Hogg-Dubé (BHD) syndrome. 

1.7.3.1 VHL: Von Hippel-Lindau disease 

Mutations of the VHL gene are implicated in the von Hippel-Lindau (VHL) syndrome 

(Linehan et al., 1995) which is linked to the development of tumours various organs 

including the kidneys in affected individuals, and development of clear cell renal cell 

carcinoma  (Linehan et al., 1995). Up to 600 tumours per kidney can develop in VHL 

patients (Walther et al., 1995). VHL patients and in most sporadic clear cell RCC, 

mutation and loss of heterozygosity in the VHL locus were present that is supporting a 

tumour suppressor role for VHL (Gnarra et al., 1994, Herman et al., 1994, Lubensky 

et al., 1996, Shuin et al., 1994). 

In normoxic condition, VHL protein, which belongs to E3 ubiquitin ligase complex, 

decreases the levels of the HIF-1α and HIF-2α transcription factors (Maxwell et al., 

1999, Rosenberger et al., 2002, Miller et al., 2005) whereas absence of active VHL 

protein as observed in almost all ccRCC cases, leads to proteolysis of HIF-1α and 

HIF-2α in case of loss of absence of hypoxia. This cause constitutive increased 

expression level of HIF-1α and HIF-2α which is not depend on oxygen level (Krieg et 

al., 2000, Jaakkola et al., 2001, Prabhakar and Semenza, 2012). The loss of regulated 

HIF degradation is the consequences of loss of tumour suppressor function of VHL 

which in turn increases the expression of several proteins involved in angiogenesis 

like platelet-derived growth factor B chain (PDGF-B) and vascular endothelial growth 

factor (VEGF). 
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1.7.3.2 The VHL gene and germ line mutations 

The VHL gene maps to chromosome 3p25 and the genetic linkage analysis have been 

performed in VHL families (Seizinger et al., 1988) which was later identified as the 

gene responsible for the VHL syndrome (Latif et al., 1993). The VHL gene comprises 

three exons and it encodes a 4.5kb-4.7kb mRNA (Kondo and Kaelin, 2001). It is 

conserved in rodents, flies and worms (Woodward et al., 2000). VHL expression is not 

restricted to the organ affected in the VHL disease but is widely distributed of both in 

human fetal and adult tissues (Latif et al., 1993, Iliopoulos et al., 1995, Kessler et al., 

1995, Renbaum et al., 1996, Richards et al., 1996). Mutations of VHL are usually 

found in the HIF and elongin C-binding domains.  Almost all VHL families identified 

germ line mutations of the VHL gene (Maher and Kaelin, 1997, Stolle et al., 1998) 

and VHL exist the characteristics of a tumour suppressor gene. More than 150 

distinguished mutations have been reported and are widely distributed throughout the 

coding sequence, except for the first 50 codons where mutations are rarely observed 

(Zbar et al., 1996). Inactivation of VHL can occur by different pathways such as 

deletion (60-80%) or DNA methylation (20-25%) and genomic mutation (50-80%) 

(Kovacs et al., 1988, Velickovic et al., 2001, Kim and Kaelin, 2004, Kaelin, 2007). At 

the VHL locus the loss of heterozygosity (LOH) has been witnessed in the VHL 

patients with kidney cysts suggesting that cystogenesis would represent an early step 

in the development of RCC, although additional genetic events would be required for 

RCC to develop (Kim and Kaelin, 2004, Lubensky et al., 1996). Interestingly, when 

wild-type pVHL is reintroduced into RCC cell lines which are VHL-negative, it 

prevents formation of tumour in xenograft assays in nude mouse, supporting a tumour 

suppressor role for phi (Iliopoulos et al., 1995, Iliopoulos et al., 1996). 
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1.7.4 Histological/pathological classification of human kidney cancers. 

In line with the classification of Heidelberg, histologic subtypes of RCC (Kovacs et 

al., 1997b) can be grouped into clear cell adenocarcinoma (most prevalent form of 

ccRCC), papillary RCC (pRCC), chromophobe RCC (chRCC), oncocytomas, 

collecting duct (Bellini‟s) RCC or  unclassified RCC. Among infant tumours, the 

most commonly occurring renal cancer is Wilms‟ tumour (WT, nephroblastoma) 

which correspond to is ranked fourth for incidence cases of cancers in childhood 

(Pode-Shakked and Dekel, 2011). The classification of the subgroups is based on 

histological and genetic features and these represent the predominant subtypes 

although there are at least 16 different forms of RCC reported.  

It has been observed that proximal tube is the site from where both clear cell and 

papillary renal cell carcinoma arise. It is possible to classify RCC based on the 

histological features or simply based on the genetic information. With the 

advancements in the identification of stage and histological diversity of RCC the 

World Health Organization (WHO) has transformation renal tumour classification. 

Furthermost common form of renal cancer is exhibited clear cell RCC that accounts 

for ~70% of adult renal neoplasms. ccRCC is followed by papillary variant (~15%), 

Chromophobe (~5%) and a rarer form of RCC i.e. collecting duct (~2%). Many 

studies have utilized analysis of classical cytogenetic, relative genomic hybridizations 

or other molecular genetic techniques to reveal several genetic modifications linked 

with various forms of RCC and also explain various steps intricate in the development 

and progression of tumour (Yuan et al., 1998, Tsui et al., 2000, Pantuck et al., 2001, 

Plebani and Piva, 2002, Kato et al., 2004, Sengupta et al., 2006). 
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The Fuhrman nuclear grading system has become extensively used (Fuhrman Sa, 

1982). Its intra- and inter-observer reproducibility, however, has turned out to be 

rather low (Lanigan et al., 1994, Al-Aynati et al., 2003, Ficarra et al., 2005). 

However, it is debated how can we grade and how many grades are important 

(Bretheau et al., 1995, Ficarra et al., 2005). Flock and Kadesky introduced the first 

staging system for RCC in 1958  (Flocks Rh, 1958). Robson et al. modified the 

system in 1967 (Robson Cj, 1969). At present the most extensively used and generally 

recommended is the 2002 UICC TNM classification system (Table 1.1) (Greene et al., 

2002, Salama Me, 2005). It takes into account the size of tumour, magnitude of local 

disease and occurrence of metastases when sorting patients for prognosis or selection 

of treatment. However, it is still uncertain whether this version of the classification is 

ideal for the prognostication of survival for patients suffering from RCC. It might be 

changed in the future. For many years tumours with the largest diameter less than 3cm 

were regarded as benign tumours/adenomas. However, in the last few years a new 

consensus suggests that all clear cell tumours should be considered carcinomas 

irrespective of size. It remains controversial where the cut-off point lies between the 

different subgroups in the present TNM classification system (See  

Table 1.2 and 1.3). 
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Table 1.2: 2009 TNM classification system (Sobin LH, 2009) 

2002 TNM classification and stage grouping for renal cell carcinoma 

T 

Tax 

T0                     

T1a 

T1b                     

T2                       

T3a                      

T3b                     

T3c                      

T4                        

Primary tumour 

No evidence of primary tumour 

Primary tumour cannot be assessed 

Tumour 4.0 cm or less in greatest dimension, limited to the kidney 

Tumour more than 4.0 but 7.0 cm or less in greatest dimension, limited to the kidney 

Tumour more than 7.0 cm in greatest dimension, limited to the kidney 

Tumour invades adrenal gland or perinephric tissue but not beyond Gerota fascia 

Tumour grossly extends into renal vein or vena cava below diaphragm 

Tumour grossly extends into vena cava above diaphragm 

Tumour invades beyond Gerota‟s fascia 

N 

Nx 

N0  

N1     

N2    

Node 

Regional lymph nodes cannot be assessed 

No regional lymph node metastases 

Metastasis in a single regional lymph node 

Metastasis in more than one regional lymph node 

M 

Mx 

M0                       

Distant Metastases 

Distant metastasis cannot be assessed 

No distant metastasis 
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Table 1.3: TNM stage grouping  supplement 2012 (B.J. Wittekind, 2012) 

Stage T N M 

I T1 N0 M0 

II T2 N0 M0 

III T1 

T2 

T3 

N1 

N1 

N0,N1 

M0 

M0 

M0 

IV T4 

Any T 

Any T 

N0,N1 

N2 

Any N 

M0 

M0 

M1 

 

1.7.4.1  Clear cell carcinoma: cellular origin (RPTE) 

It has been estimated worldwide that every year about 3.38 million people develop 

kidney cancer, and more than 1 million people suffer mortality on account of this 

disease (Siegel et al., 2015, Torre et al., 2015). RCC is considered as the most 

common form of kidney cancer which exhibit high resistance to chemotherapy and 

can be distinguished from other types either by histopathological characteristics or by 

identification of specific gene mutations (Motzer et al., 2013).  Nearly 75–85 % 

kidney cancers are accounted by ccRCC. It is believed to arise from tubular renal 

population especially thought to originate from the PT (Proximal tubule) epithelium 

of nephron (Bussolati et al., 2013). Regular networks of blood vessels which are of 

small and thin-walled represent a characteristic diagnostic feature of ccRCC. In 

addition, the tumour cells always have clear cytoplasm that is an outcome of resilient 



28 

intra-cytoplasmic deposition of  glycogen, cholesterol, neutral lipids, and 

phospholipids (Siegel et al., 2015). ccRCC is a disease of altered cell metabolism 

(Linehan et al., 2010) and many genes known to involved in the development and/or 

progression of ccRCC are involved in sensing oxygen, iron, nutrients, and energy 

(Linehan and Ricketts, 2013). A well-known and highly accepted hallmark of cancer 

is altered metabolism (Hanahan and Weinberg, 2011a), and it is accepted that these 

metabolic alterations are largely effect tumour development as well as its progression 

(Jones and Thompson, 2009). 

Families with VHL disease have a high incidence of ccRCC that occurs as a 

consequence of VHL inactivation. The genetic and molecular alteration attributable to 

the loss or deficiency of VHL results in an increased accumulation and activity of the 

hypoxia-inducible transcription factor (HIF). Subsequently that  activates the 

expression of genes involved in angiogenesis (VEGF, PDGF, SDF, CXCR4, TGFB1, 

and CTGF), metabolism and glucose uptake (HK2 and PDK4), pH control (CAIX and 

CAXII), metastasis/invasion (MMP1, SDF, CXCR4, and MST1R), proliferation and 

survival (TGFB1) (Allory et al., 2011, Little, 2006). 

Alteration in VHL function contributes to increased expression of HIF-1α and HIF-2 

α (Little, 2006). One of the consequences of HIF over-expression is the increased 

expression of HIF target genes. One notable example is NDUFA4L2 which is among 

the most highly expressed genes in almost all ccRCC samples compared to healthy 

kidney tissue and hypoxia induces NDUFA4L2 expression via a mechanism involving 

HIF-1α (Safirstein, 1999). NDUFA4L2 plays a role in altering cellular metabolism 

when HIF-1α is stabilized and active within a cell. Additionally, in tumours with 

wild-type VHL, mutations in TCEB1 can be found. TCEB1 encodes the Elongin C 

protein, which is a part of the VHL-complex responsible for degrading HIF under 
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normoxic conditions. These mutations are mutually exclusive from VHL mutations 

and chromosome 3p loss and occur in 1-5% of all ccRCC cases (Sato et al., 2013, 

Turajlic et al., 2015). The fact that the HIF pathway is affected also in wild-type VHL 

tumours, further stresses the importance of this pathway in ccRCC tumourigenesis. 

Most tumours tend to rely on aerobic glycolysis, in combination with lactic acid 

fermentation, instead of oxidative phosphorylation to meet their energy demand, a 

phenomenon called the Warburg effect (Ward and Thompson, 2012). By bypassing 

the tricarboxylic acid (TCA) cycle following glycolysis, and instead using lactate 

fermentation, significantly lower amounts of ATP is generated. However, this process 

also allows for the synthesis of membrane components and cellular building blocks 

that are important for cellular proliferation. Due to the loss of VHL and hence 

constitutive activation of the HIF, the Warburg phenomenon is especially prominent 

in ccRCC. Additionally, it has been shown that glucose metabolism is increased with 

higher grade in ccRCC and that the glutathione pathway is upregulated to inhibit 

potentially harmful reactive oxygen species (ROS) (Wettersten et al., 2015). In this 

study, an upregulation of tryptophan catabolism was also noted. Metabolites of the 

essential amino acid tryptophan has been associated with immune suppression in 

cancer (Chung and Gadupudi, 2011). 

1.7.4.2  Papillary renal cancer  

Another histological variant which is second most prevalent in renal cancer is 

papillary renal cell carcinoma (pRCC) which accounts for ten to twenty per cent of all 

renal cell cancers. It is not involve mutations in the VHL gene and exhibit different 

molecular characteristics compared to clear cell carcinoma (Twardowski et al., 2014). 

Based on histological and genetic characteristics pRCC can be classified into sub-

types: type 1 and type 2. The characteristic feature of type 1 is single layered small 
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cell which consist of very less cytoplasm. Likewise type 2 is characterized by 

presence of large pseudostratified cells whose cytoplasm gets readily stained with 

eosin (Delahunt and Eble, 1997). Tumours belonging to type 2 exhibit more 

aggressive form of disease i.e. it is correlated with advanced stage of disease which 

has an enhanced frequency of necrosis (Pignot et al., 2007, Waldert et al., 2008, 

Klatte et al., 2009). 

pRCC can present either as an inherited or sporadic malignancy, and both can be 

related to specific genetic mutations. Hereditary, and to a lesser extent, sporadic type 

1 pRCC is linked with activating mutations of the proto oncogene MET, a tyrosine 

kinase receptor, which in these cases becomes constitutively active and thereby 

increase cellular proliferation. The familial pRCC type 2 is related to the loss of the 

tumour suppressor fumarate  hydratase (FH), which causes hereditary leiomyoma 

renal cell carcinoma (HLRCC). In TCA cycle, FH converts fumarate to malate and 

loss of this enzyme thus lead to accumulation of fumarate. The increased levels of this 

metabolite cause VHL independent HIF stabilization by inhibiting the prolyl 

hydroxylases (PHD), which marks HIFs for VHL recognition. Surprisingly, type 2 

pRCC is phenotypically and genetically very different from VHL mutated tumours, 

highlighting that VHL has more functions than simply targeting the HIFs for 

destruction. Additionally, it has been shown that the fumarate accumulation lead to 

HIF independent oncogenic effects by inhibiting Keap1 and thereby stabilizing the 

proto-oncogene Nrf2, a crucial transcription factor in the antioxidant response (Kinch 

et al., 2011). FH mutations have not been detected in sporadic type 2 pRCC, however, 

the hereditary and sporadic forms both display upregulation of antioxidant genes such 

as AKR1B10, which may explain their shared phenotype (Ooi et al., 2011). Other rare 

forms of hereditary pRCC can be attributed to mutations in TSC1 and TSC2, which 
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are tumour suppressors and hamartin & tuberin encoding genes respectively. These 

mutations cause tuberous sclerosis complex, autosomal dominant disease that leads in 

patients to develop tumours in several body parts such as brain, lung, kidney and skin 

(Cheadle et al., 2000). Additionally, these patients also have an increased risk of 

developing ccRCC and chRCC.  

1.7.4.3  Chromophobe renal cancer 

Chromophobe renal cell carcinoma (CRCC) shows diverse histochemical, 

ultrastructural, and genetic features but it is one of the rare variant of renal carcinoma 

that accounts 4-5% approximately of all renal neoplasms (Crotty et al., 1995, Cheville 

et al., 2003). Chromophobe renal cell carcinomas (CRCC) have many promising 

diagnostic features. Most distinguish feature is the positive Hale colloidal iron 

cytoplasmic vesicles. In addition, the different extents of clear but poorly stained 

“chromophobe” cells along with hematoxylin and eosin stained eosinophilic cells are 

prominent characteristics. Expression of the proto-oncogene KIT as well as loss of 

chromosome 1, 2, 6, 10, 13, 17 and 21 is often seen in chRCC (Stec et al., 2009a). A 

study using data available on the cancer genome atlas (TCGA) showed, the most 

frequently mutated genes in chRCC are TP53 (in 32% of cases) and in PTEN (in 9% 

of cases). The same study also showed that chRCC display recurrent genomic 

rearrangements affecting the TERT promoter and inducing elevated TERT expression 

(Davis et al., 2014). Hereditary chRCC is related with the loss of function mutations 

occur in the gene coding for follicular, BHD, causing Burt-Hogg-Dubé syndrome. 

Patients with BDH also develop lung cysts and oncocytomas, a benign form of RCC. 

Follicullin is advocated to play a part in the cells energy sensing mechanism via the 

AMPK and mTOR pathways (Linehan et al.) and in an animal model of BHD induced 
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kidney cancer, the mice displayed prolonged survival after treatment with the mTOR 

inhibitor rapamycin (Baba et al., 2008). 

1.7.5 Diagnosis of RCC 

No early warning sign is characteristic feature of RCC as localized small tumours 

hardly reflect any symptoms. Hence diagnosis is frequently delayed and disease can 

often only be recognized once it reaches in advance stage (Naudin ten Cate et al., 

1995, Sinke et al., 1997). Hematuria accounts in 50 to 60 % of patients, abdominal 

pain in 40 % and a palpable mass in the flank or abdomen that present in 30 to 40 % 

of patients are some of the classical diagnostic symptoms related to renal cell 

carcinoma. Only 10% of patients are showing a combination of these three symptoms 

and that designate advance stage of disease. Several favourite sites such as lungs, 

bone, liver and brain accounts for approximately 25-30% of patients with metastatic 

disease at initial diagnosis. Cytogenetic analysis of human cancer cells generated or 

gathered large amount of information regarding incidences and abnormalities in 

chromosomes of malignant cells which have been used as vital tools in the diagnosis 

of new cancer cells. In addition, molecular characterization of specific gene involves 

in translocations lead to identification of several oncogenes, tumour suppressor genes 

and tissue specific genes. Altogether cytogenetic and molecular genetic analysis 

reveal essential information regarding oncogenesis, progression, diagnosis, and 

prognosis of cancer cell (van den Berg et al., 1993). 

1.7.6  Treatments of RCC 

Different types of procedures can be followed during surgery. For example in a partial 

nephrectomy, part of the kidney is removed while in nephrectomy, the entire kidney 

can be remove, it depends on how far the disease has spread. The more extensive 
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surgery like a radical nephrectomy may be followed to remove surrounding tissue, 

lymph nodes and adrenal gland. If both kidneys are removed, a dialysis or a transplant 

is necessary. 

1.7.6.1  Radical and partial nephrectomy (RN) 

Historically, the standard curative treatment for RCC has been radical nephrectomy 

(Robson Cj, 1969). More recently, surgical management of RCC has advanced 

through the development of laparoscopic approaches and nephron-sparing surgery 

(Duque et al., 1998, Uzzo and Novick, 2001). Currently nephron-sparing surgery is 

the regular treatment for small tumours in kidney. Laparoscopic radical nephrectomy 

is the new gold-standard procedure (Eskicorapci et al., 2007) and has to a large extent 

replaced the open approach which was the standard procedure between prior to 1994. 

More recently, robotic assisted laparoscopic surgery is become increasingly used.  

1.7.6.2  Percutaneous cryoablation 

Small renal tumours are increasingly being discovered over the last decade due to 

increased use of abdominal imaging performed for other purposes (Russo, 2000). Due 

to decreased morbidity, preservation of the renal function, and shorter hospital stay, 

ablative techniques that destroy tumour tissue have gained popularity. Among the 

ablative modalities, cryoablation is the best documented procedure for treating small 

renal cortical tumours (Mabjeesh et al., 2004). This minimally invasive procedure is 

based on freezing the tumour tissue by using nitrogen or argon. MRI or CT scans are 

used subsequently in order to assess the ablation. If the treatment is found to be 

inadequate a percutaneous biopsy, a standard resection, or retreatment with 

cryoablation can be performed. 
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1.7.6.3  Radiofrequency ablation 

Some patients with a small RCC are unable to undergo nephron-sparing surgery 

because of comorbidities. In older patients with a small incidentally discovered 

tumour growing at a slow rate, that does not represent an immediate threat to the 

patients‟ life, watchful waiting and follow-up imaging can be appropriate (Birnbaum 

et al., 1990, Bosniak et al., 1995, Kassouf et al., 2004). However, CT-guided 

percutaneous radiofrequency ablation can be used to reliably eradicate small RCCs in 

patients who are unsuitable for surgery and desire a definitive treatment (Uzzo and 

Novick, 2001).It can be performed in a day-hospital for selected patients (Carrafiello 

et al., 2008). 

1.7.6.4  Observation of renal masses 

According to a recent study non-treated smaller renal masses detected in elderly and 

comorbid patients have a low growth rate of <1cm/yr in 85% of the cases, and100% 

5-yr cancer specific survival (Beisland et al., 2009). These findings imply that this 

subgroup of patients that have high risk of postoperative morbidity and mortality 

could safely be selected for observation and not invasively treated. 

1.7.6.5  Radiotherapy for metastases in RCC 

Historically, RCC is resistant to radiotherapy. However, this treatment option can be 

apply to certain symptomatic patients with unresectable osseous lesions or brain 

(Fosså et al., 1982, Gez et al., 2002). Combined radiotherapy and the bisphosphonate, 

zoledronate, in patients with bone metastases from RCC can induce a higher response 

rate than radiotherapy alone (Russo, 2000). In individual cases whole brain 

irradiation, radio-surgery and/or a stereotactic radiotherapy can induce symptom 

palliation and improve survival (Kavolius et al., 1998, Andrews et al., 2004, Scorsetti 

et al., 2009). 
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1.7.6.6  Targeted molecular therapies 

A defective VHL gene copy is the most common reason of inherited ccRCC. 

Furthermore, in most sporadic ccRCC diseased patients, the VHL gene is inactive. 

Hypoxia-inducible factor accumulation due to VHL inactivation, leads to production 

of several growth factors including VEGF, TGFα and PDGF, which promote neo-

angiogenesis and get involves the development and progression of RCC. The PDGF 

and VEGF signalling pathways have been identified as targets for anti-cancer therapy. 

The targeting drugs, sorafenib, sunitinib, bevacizumab combined with INF-α, 

everolimus and temsirolimus have led to significant if modest improvements in 

progression-free survival and have been approved for metastatic RCC treatment 

(Yang et al., 2003, Patard et al., 2006, Patel et al., 2006, Hudes G and Global, 2007, 

Oudard et al., 2007). 

1.7.7  Outcomes:  

Improved initial detection of tumour and broadening of treatment possibilities that 

comprises tyrosine kinase inhibitors and mTOR inhibitors result into improved 

diagnosis for patients with RCC. However, these treatments rarely yield complete 

responses hence RCC is a tumour of unpredictable presentation and poor clinical 

outcome till date (Coppin et al., 2011). The challenges given, of prospectively 

identifying individuals at risk of sporadic RCC and the need for early diagnosis when 

treatments are most effective, there is an urgent cancer-specific survival need to 

develop new approaches to identify factors contributing to sporadic RCC risk in the 

genial population. 
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 Hypothesis 

In summary, both AKI and ccRCC are defined by aberrant activation of the hypoxic 

response. Collectively the evidences outlined above leads to the hypothesis that AKI 

can predispose to ccRCC. To test this hypothesis the following analyses were 

conducted: 

RNA sequencing was used to analyze the presence of single nucleotide variants and 

aberrant splicing in the transcriptomes of wild type and HIF-1α over-expression 

model of ccRCC 

RNA sequencing was used to compare the transcriptome of TRACK mice to human 

localized and metastatic ccRCC (TCGA) to identify genes required for metastases 

RNA sequencing was used to compare  transcriptomes from mouse model of ccRCC 

and porcine model of AKI. Identified differentiation expressed genes were validated 

by qRT-PCR. 

Integration of genes common to mouse ccRCC, pig AKI in human ccRCC TCGA 

RNA sequencing data. 
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Chapter 2:  Does over-expression of HIF-1α increase global 

transcriptional dysfunction in a mouse model of ccRCC 

 

2.1 Introduction 

In solid tumour there is a disparity between the oxygen consumed and the oxygen 

supplied to the tissue. This situation is termed hypoxia and provides a suitable 

microenvironment that is concomitant with its progression, metastasis, and resistance 

to  radiation and chemotherapy (Haase et al., 2011, Brizel et al., 1996, Gourishankar 

et al., 2008, Devarajan, 2008, Jacobsen et al., 2000, Lubensky et al., 1996, Semenza, 

2003, Vaupel, 2004, Chan and Giaccia, 2007, Sullivan and Graham, 2007, Liao and 

Johnson, 2007, Moeller et al., 2007, Shuin et al., 1994, Bertout et al., 2009, Prabhakar 

and Semenza, 2012, Seizinger et al., 1988). Therefore it considered as “Janus face” in 

tumour biology due to its association with controlled proliferation, differentiation, 

necrosis or apoptosis, along with the development of an aggressive phenotype 

(Durand, 1991, Giaccia, 1996, Riva et al., 1998, Haroon et al., 2000, Hockel and 

Vaupel, 2001, Semenza, 2002a, Semenza, 2002b, Koyner et al., 2012, Maxwell et al., 

2001, Harris, 2002, Leo et al., 2004, Linehan et al., 2009, Vaupel and Mayer, 2007). 

There are a number of factors that are associated with anemia, perfusion or diffusion 

that can contribute to hypoxia (Vaupel et al., 2001, Vaupel et al., 2002, Hockel and 

Vaupel, 2001, Vaupel, 2004, Vaupel and Mayer, 2007, Bristow and Hill, 2008, 

Koyner et al., 2010, Siegel et al., 2016). The major mechanisms leads to hypoxia are 

(i) reduced supply of O2 because of the unusual changes take place in the micro-

vessel‟s structure as well as function, (ii) worsening of geometry meant for 

perfusion,(iii) there prevails a large distance between the cells of tumour and the 
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blood vessel supplying there, this decreases the diffusion and(iv) Anaemic condition 

may arise because during the tumour itself or because of treatment therapy (Vaupel et 

al., 2001, Vaupel et al., 2002, Vaupel and Harrison, 2004, Bristow and Hill, 2008). 

Under hypoxic conditions the equilibrium of overall synthesis of proteins is disturbed 

which can lead to the arrest of cell cycle, cell differentiation, cell death and necrosis. 

The alterations in the genome and/or proteome because of hypoxia enables cells to 

conquer nutritive deprivation that help to get away from the hostile environment and 

favour unobstructed growth (Moulder and Rockwell, 1987, Durand, 1991, Giaccia, 

1996, Riva et al., 1998, Haroon et al., 2000, Goda et al., 2003, Box and Demetrick, 

2004, Koshiji et al., 2005, Choyke, 2003, Vaupel and Mayer, 2007, Vousden and 

Prives, 2009, Pires et al., 2010). When hypoxia is prolonged, and patient is treated 

with radiation or drugs it can disturb the distribution of cell cycle as well as the 

quiescent cell number (Vaupel and Mayer, 2007, Moeller et al., 2007, Keith et al., 

2012). Hypoxia is also considered to be associated with the induction of apoptosis not 

only in normal cells but also in the neoplastic cells (Riva et al., 1998, Hockel and 

Vaupel, 2001, Vaupel and Harrison, 2004, Vaupel and Mayer, 2007, Azad et al., 

2008). It is also well established that there is accumulation of p53 gene during the 

hypoxic condition and during this time apoptosis is induced by mechanism influenced 

by HIF-1 α (Amellem et al., 1997, An et al., 1998, Carmeliet et al., 1998, Koumenis 

et al., 2001, Linehan et al., 2009, Vaupel and Mayer, 2007, Sermeus and Michiels, 

2011). 

HIF-1α belongs to hypoxia inducible family (HIF), is a transcription factor and 

responsible for maintenance of homeostasis of oxygen or angiogenesis and is 

implicated in tumor development. Formation of newer blood vessels, growth of 

tumour, development & spread of tumour and metabolism of glucose are all regulated 
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HIF-1α. As stated earlier the HIF-1α as transcription factor regulates expression of 

key genes including VEGF: vascular endothelial growth factor, EGFR: epidermal 

growth factor receptors, PDGF: platelet derived growth factors, IGF: insulin-like 

growth factor, GLUT-1: glucose transporters, CXCr: chemokine receptors and CAIX 

& XII: Carbonic anhydrase (Koyner et al., 2012, Phillips et al., 2001, Maxwell et al., 

1999, Zbar, 2000, Rosenberger et al., 2002, Bui et al., 2003, Miller et al., 2005, 

Pantuck et al., 2003, Grabmaier et al., 2004, Tang et al., 2004, Chen et al., 2005, 

Pages and Pouyssegur, 2005, Kim et al., 2005, Kon-no et al., 2006, Koukourakis et 

al., 2003, Pore et al., 2006, Klatte et al., 2007, Ljungkvist et al., 2007, Sandlund et al., 

2007, Vaupel and Mayer, 2007, Lidgren et al., 2005, Tzao et al., 2008, Lee et al., 

2009, Li and Kaelin, 2011, Siegel et al., 2016, Kroeger et al., 2014). HIF-1 also 

known to have regulatory function in cell cycle and cell death (Schmid et al., 2004, 

Linehan et al., 2009, Xu et al., 2010, Gudas et al., 2014, Razorenova et al., 2014). 

Although it acts as central regulator of tumoural pathophysiology, there is some 

controversy regarding HIF-1role in RCC (Gudas et al., 2014, Olenchock et al., 

2016).  

As discussed in the introduction, RCC may be classified into three types such as 

papillary (pRCC), chromophobe (chRCC) and clear cell (cRCC). More 

vascularization is seen in cRCC compared to other forms (Kovacs et al., 1997a, 

Jaakkola et al., 2001). High vascularization in cRCCs causes modification of the 

suppressor gene (VHL: von Hippel-Lindau gene) subsequently the products of the 

modified gene fail to degrade HIF-1α as process was influenced by oxygen. 

Significant amount of research support the findings that anoxic or hypoxic conditions 

in tumor and HIF-system are together have a cumulative positive effect on the tumor 

cells and help in the transformation into phenotypes of progressive malignancy 
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(Hockel and Vaupel, 2001, Semenza, 2002a, Semenza, 2002b, Harris, 2002, Leo et 

al., 2004). 

2.1.1  Genome Instability: 

2.1.1.1 Hypoxia mediated genetic instability 

Genetic instability is observed as a hallmark feature of most human cancers (Hanahan 

and Weinberg, 2000, Delahunt and Eble, 1997, Lindgren et al., 2011, Nissenson, 

1998, Pikor et al., 2013, Macheret and Halazonetis, 2015).There can be instability in 

the genetic makeup that may induce alterations in the genes as a result of point 

mutations, alterations in number of chromosomes or chromosomal translocations and 

result in fusion transcripts. The genetic changes both at nucleotide level (due to base 

substitutions and deletions or insertions of a few nucleotides) and at the chromosomal 

level (involving chromosome loss or gain, translocations, and rearrangements) causes 

instability (Venkatachalam et al., 2010). Furthermore, many human tumours are 

genetically heterogeneous as a consequence of a mutator-phenotype. It is now a 

known fact that genetic instability is correlated to progression of tumour. New studies 

suggest that the microenvironment of the tumour itself has the capability to lead to 

genetic instability in the tumour cells (Li et al., 2013, Vaidya et al., 2008, Lam et al., 

2005). The conditions in this microenvironment are hostile and can contribute to 

mutations and DNA damage (both oxidative base damage and breaks in DNA strand). 

The lesions in the DNA may contribute to the loss of integrity of genome (van den 

Berg et al., 1993, Naudin ten Cate et al., 1995). Studies in the recent past advocate 

that the instability in the microenvironment of the tumour can also arise because of 

loss of regulatory function in DNA repair pathways (Haase et al., 2009, Vaupel and 

Harrison, 2004, Kellum and Chawla, 2016). 
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Genetic instability and mutated phenotypes can be influenced by the hypoxia, which 

can lead to apoptosis resistance and inability to repair DNA. Hypoxia could enhance 

the mutation rates and alter chromatin functions. This explains in part how the tumour 

cells adapted to the lower O2 levels keep on proliferating in compromised DNA repair 

(Coca et al., 2012).Critical hypoxia can enhance production of HIF-1α. This could up-

regulate the expression of other genes such as VEGF and LOX (lysyl oxidase) that are 

responsible for angiogenesis and metastasis. Extended exposure of cells to hypoxia 

can lead to genetic instability as a result of decrease in DNA repair proteins. As a 

result there is improper repair of DNA in proliferating cells and this contributes to 

enhanced rate of mutation (Bristow and Hill, 2008). The repair of double stranded 

breaks (DSB) in DNA is known to be inhibited to by hypoxia and hypoxia may 

promote instability of chromosomes in many ways (Haase et al., 2011, Giraud et al., 

2011, Sinke et al., 1997). In the chromosomal DNA there are specific fragile sites 

which are vulnerable to breaks and rearrangements during replication process and 

these tend to get induced in conditions of low oxygen (Giraud et al., 2011, Varrier et 

al., 2015).When DNA is amplified from the unrepaired DSB it is observed to 

resemble with the cells in hypoxic condition (Malek and Nematbakhsh, 2015, Haase 

et al., 2011, Wang and Lin, 2014, Van den Berg et al., 1994, Xu et al., 2015). In 

addition to this, it has been observed that in the human lymphocytes exposed to 

hypoxia the rate of sister chromatid exchange that is partially controlled by 

homologous recombination repair also increases (Oh and Park, 2015, Kovacs et al., 

1997b). Likewise it has been observed that human fibroblasts exposed to continued 

low oxygen after induction of DNA damage exhibited enhanced chromosomal 

abnormalities such as breaks in chromatids/chromosomes, tetrameric unions, ring 

chromosomes, reciprocal translocations and double minutes (Tang et al., 2009). 
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Hypoxia can also contribute to (i) methylation or de-acetylation of histone proteins or 

H2AX phosphorylation and (iii) alteration in the condensation states of chromatin 

(Sinke et al., 1997). 

2.1.1.2 Hypoxia and DNA damage response 

Daily significant amount of DNA damage and mutagenesis arise as a result of (i) 

various reactive endogenously metabolites, (ii) errors in replication and (iii) 

spontaneous decay (Zhang et al., 2012). There are various check points in the cell 

cycle regulation that prevent carcinogenic proliferation of genetically damaged cells. 

However, recent experimental findings suggest that both hypoxia and anoxia can 

disrupt these checkpoints and thereby interfere with the repair of damaged DNA. G1 

and S (interphase) phases of DNA replication can be arrested as a result of anoxia. It 

has been shown that activation of DDR (DNA damage response), apical kinases, 

ataxia telangiectasia mutations such as ATM and ATR (ataxia telangiectasia and Rad3 

related protein) and phosphorylation of targeted downstream genes (p53, Chk1 and 

Chk2) can be induced under stressful replication as a result of hypoxia; even when the 

DNA in not damaged (Blank and Shoenfeld, 2008, Brugarolas, 2014, Lu et al., 2013). 

However, when these cells were subjected to re-oxygenation rapid DNA damage was 

observed and cells were arrested at G2/M phase as a result of orthodox Chk2-

dependent DDR response (Gardner et al., 2014, Lu, 2014). This could lead to 

activation of ATM and ATR and Rad3-related protein kinases that mediate cell cycle 

regulation at checkpoints. The cell cycle is arrested in order to look for repair of DNA 

damaged as a result of ROS (reactive oxygen species). It has been suggested that early 

tumourigenesis is associated with replicative stress followed by induction of DDR 

which try and act as a barrier to prevent progression of tumour (Hernandez-Yanez et 

al., 2012, Jones et al., 2005). 
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2.1.1.3  Hypoxia –mediated inhibition of DNA repair 

Many factors can potentially alter the DNA repair and fate of DNA once the DNA is 

damaged as result of endogenous or exogenous factors in the solid tumours under low 

oxygen conditions. It is suggested that hypoxia or anoxia may not always be 

responsible for damage of DNA during S-phase of cell cycle, however when these 

cells are re-oxygenated, ROS such as single-stranded & double-stranded DNA 

binding proteins (DNA SSBs and DNA DSBs respectively) are generated which are 

responsible for damage of DNA which in turn activate the CHK2 dependent G2 

checkpoint. Continued exposure of cells to hypoxia can lead to the adaptations in the 

cell and cell and cell may not display activation of G1 or S checkpoint (Gardner et al., 

2014, Lu, 2014, Linehan et al., 2007, Bristow and Hill, 2008, Siegel et al., 2016). As a 

result there would be no corrections in the altered DNA in course of replications, and 

this could potentially lead to accumulation of replication errors or breaks in DNA 

(Linehan et al., 2007). Repair of Human DNA exhibiting double stranded breaks can 

be repaired by pathways involving (i) HR: homologous recombination as well as (ii) 

NHEJ: non-homologous end joining (Fu et al., 2015, Fu et al., 2011, Gao et al., 2013). 

These two pathways differ with respect to protein components, specificity of cell 

cycle and commitment of DNA repair. If the normoxic cells exhibit inhibition of HR 

and NHEJ repair pathways, it is linked with enhanced genetic variability and 

carcinogenesis (Fu et al., 2013, Cerami et al., 2012, McLaren et al., 2016, Minton et 

al., 2015, Quinlan and Hall, 2010, Wang et al., 2010a). Thus to maintain the integrity 

of the genome, retention of error free HR is important specifically under normoxic 

and hypoxic condition as it  alter the sensitivity of agents responsible for DNA (Lam 

et al., 2005). 
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2.1.2  Role of HIF-1alpha 

2.1.2.1 Oxygen dependent regulation 

Severe hypoxia can lead to replication arrest which is not dependent on the S-phase 

checkpoint, DDR: DNA damage response and transformation grade. However, the 

seized hypoxic cells (due to fluctuating tumour oxygen tensions) can endure rapid 

reperfusion and re-oxygenation leading to reoxygenation persuaded DNA damage. 

Reoxygenation-induced replication restart is inhibited in chronically exposed cells 

and is associated with repression of numerous replication factors, including E2F-

dependent repression of MCM6 and the loss of phosphorylation and correct 

localisation of RPA which, in turn leads to a decrease in the hypoxia-induced DNA 

damage response (Pires et al., 2010). 

2.1.2.2 Oxygen independent regulation  

In contrast, re-oxygenation-induced replication can occur after acute exposures to 

hypoxia. This is however associated with DNA damage on re-oxygenation and repair 

of DNA is incomplete. Re-oxygenation of cells following acute hypoxia leads affect 

p53 gene which induces cell death. These studies indicate that cells where functional 

p53 is absence, re-oxygenation after acute (but not chronic) exposure to lower 

oxygen, can contribute to increased genomic instability and potentially 

tumourigenesis (Pires et al., 2010). 

2.1.2.3 HIF-1 expression in human cancers 

Metabolic alterations are a distinguishing characteristic of ccRCC. It has been 

observed that HIF1α is important for the altered metabolism in tumour in TRACK 

model of ccRCC. This which what is also observed one human ccRCC (Gudas et al., 

2014, Bellomo et al., 2004, Fu et al., 2011, Fu et al., 2015, Minton et al., 2015, 
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Pavlovich and Schmidt, 2004). In people development of ccRCC is associated with 

transcription factor (HIF-1α). Over a decade of research has highlighted the role of 

VHL target genes (HIF-1α and HIF-2α) in renal cancer (Keith et al., 2012). Most of 

these suggest that over expression of HIF-1α is critically important for ccRCC tumour 

genesis.  

The functional loss of VHL tumour suppressor gene and the resulting loss of regulated 

HIF degradation in ccRCC cells results in the increased expression of several proteins 

transcriptionally activated by HIF-1α that are involved in angiogenesis, such PDGF-B 

and VEGF. Normally, the HIF-1α gene is only stimulated in the low oxygen 

conditions and is responsible for the adaptation of the tumour to hypoxic conditions. 

The amplified expression of VEGF in ccRCCs explains the vascularity of these 

tumours and directly led to the expansion of a variety of treatments that can precisely 

aim the VEGF pathway. HIF-1α is known to influence phenotype change in tumour in 

a major subset of ccRCCs and that therapeutic strategies aimed at targeting HIF-1α 

and the genes it affects should continue to be explored.  

Genes transcriptionally activated by HIF-1α include NDUFA4L2 (Pavlovich and 

Schmidt, 2004). NADH Dehydrogenase (Ubiquinone) 1α subcomplex 4-like 2 

(NDUFA4L2) is a novel molecular marker for clear cell renal cell carcinoma (ccRCC) 

treatment. Data obtained from several sets of microarray from Oncomine database and 

RNA sequencing data from The TCGA (Cancer Genome Atlas) revealed that 

NDUFA4L2 is highly expressed in the ccRCC samples when compared with the 

healthy kidney (Lenburg et al., 2003, Jones et al., 2005, Gumz et al., 2007, Yusenko 

et al., 2009). Similarly NDUFA4L2 expression also increased more than fifty fold in 

TRACK kidneys. It is also seen that the patients exhibiting highest NDUFA4L2 

expression has poorest survival outcomes (Pavlovich and Schmidt, 2004). 



46 

NDUFA4L2 is known to lower consumption of mitochondrial oxygen and activity of 

mitochondrial Complex-I under hypoxic condition, thus shifting from aerobic 

mitochondrial respiration to anaerobic glycolysis and reduced production of ROS. 

NDUFA4L2 expression is stimulated by hypoxia through a mechanism involving 

HIF-1α rather than HIF-2α.  

2.1.3  Hypothesis 

Given the established role of HIF-1 in mediating the hypoxic response in ccRCC 

and the role of hypoxia in genome instability, the effect of HIF-1 over-expression on 

DNA mutations in the transcriptome and transcriptional fusions was tested using next 

generation RNA sequencing of specimens from HIF-1overexpressing TRACK 

mice. 
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2.2  Material and methods 

2.2.1 cDNA library preparation and sequencing: 

Total RNA from control (n=3) and HIF-1-over-expression (n=3) transgenic mice 

were submitted to the genomics facilities at Weill Cornell Medicine (Fu et al., 2011) 

for single-end Illumina HiSeq RNA sequencing. 

2.2.2 Raw read filtering and read mapping:  

Raw fastq sequences obtained from NCBI-GEO (Fu et al., 2011) and were analyzed 

using a local Linux cluster. The sequence data in fastq.gz files were aligned using 

TopHat2 and BWA to Illumina iGenome ENSEMBL annotated mouse 

(GRCm38/mm10) reference sequences and annotations (Langmead et al., 2009, 

Trapnell et al., 2009). SAMtools was used to convert BWA-generated SAM files to 

BAM format. The resultant TopHat2 and BWA generated BAM alignment files (for 

each condition) with transcript annotation file were provided as input to 

Cufflinks/cuffdiff (Trapnell et al., 2010) to quantify transcripts from RNA-Seq reads. 

These reads had been aligned to the genome and counted the number of reads that 

mapped to the genomic location of that transcript hence able to predict the relative 

abundances of each transcript.  Abundances were stated in RPKM which represented 

the expected reads per kilo base of transcript per million fragments sequenced 

(Trapnell et al., 2010). Both TopHat and BWA alignments were used in SNV 

analysis. The all possible logical relationship between Control and TRACK mice 

SNVs obtained from TopHat and BWA alignments were analysed through Venn-

diagram. Further Venn analysis was also done to identify SNVs unique to the TRACK 

mice.  
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Venn Analysis:  

Gene lists using common gene identifiers were generated using the SNV pipeline 

described earlier. The overlap of genes affected by SNVs identified by Tophat and 

BWA pipelines were determined using Venny software available at 

http://bioinfogp.cnb.csic.es/tools/venny/.  

First SNVs common to both control groups and SNVs common to both TRACKs of 

BWA and TopHat were identified and pasted one element per row on online Venny 

software in two separated lists named Control BWA_TopHat and TRACK 

BWA_TopHat. Further results were observed and figure were viewed and saved by 

right click. 

2.2.3 Differentially expressed gene analysis: 

Transcripts assembled by cufflinks were used by Cuffdiff to compared gene 

expression between two samples (Normal and TRACK); identify differential isoform 

and differential promoter usage. The reads for each biological replicates were mapped 

independently.  In the comparisons values were considered to exhibit changed 

expression if the p <0.05 and there was at least two fold change in expression in 

Cuffdiff output. Further Differential gene list was analyzed for gene annotation (GO 

Analysis) and matched with The Cancer Genome Atlas (TCGA) research network 

ccRCC.  

2.2.4  Detection of SNV and specific point mutations in tumour: 

To detect SNV (single nucleotide variants) in the HIF-1α-over expressing TRACK 

mice and, quality processed-fastq files were aligned to the iGenomes ENSEMBL 

annotated mm10 genome using BWA (Li and Durbin, 2009) and TopHat2. To analyze 

http://bioinfogp.cnb.csic.es/tools/venny/
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SNV (Li and Durbin) and specific point mutation in aligned transcriptomics data the 

SAMtools package that involved SAMtools and BCFtools. The SAMtool calculates 

the genotype likelihood L (g) that considers error dependencies whereas BCFtools 

realizes variants and applies various statistics. To compare SNV calls generated the 

SAMtool assembled, each sample was aligned using both duplicate read methods to 

the reference genome (mouse ENSEMBL) specifically when aligning reads to the 

reference genome compared to a transcriptome-only approach 

To compare SNV calls generated the SAMtool assembled when aligning reads to the 

reference genome compared to a transcriptome-only approach and therefore. The 

analysis of SNV was done for all three mice. Later the ENSEMBL-Variant Effect 

Predictor (VEP) (McLaren et al., 2016) was used to predict or identify new variants. 

Also list of genes present in TRACK mice was checked for their implication in 

ccRCC using cBio portal of the TCGA provisional dataset (Cerami et al., 2012, Gao 

et al., 2013). 

2.2.5  Detection of alternative splicing: 

The MapSplice tool was used to identify novel transcripts or fusions (Wang et al., 

2010b) specific to the HIF-1α-over-expressing TRACK mice. The novel exon 

junctions generated for each sample by MapSplice were converted to BED file format 

and then concatenated to yield control and TRACK junctions. Identified splicing 

novel transcript-fusion events were considered where >10 RPKM supported the 

junction (Quinlan and Hall, 2010). The junctions from each MapSplice output were 

converted to BED file and then concatenated to yield control and TRACK junctions. 

Bedtools intersect (-v option) was completed for TRACK (-a file) versus control (-b 
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file) to yield TRACK unique junctions in BED format. Splicing was analyzed using 

the IGV-sashimi plot function. 

2.2.6 Detection of canonical and aberrant alternative splicing events 

The MapSplice tool was used to identify novel transcripts or fusions (Wang et al., 

2010b) specific to the HIF-1α-over-expressing TRACK mice. The novel exon 

junctions generated for each sample by MapSplice were converted to BED file format 

and then concatenated to yield control and TRACK junctions. Identified splicing 

novel transcript-fusion events were considered where >10 RPKM supported the 

junction (Quinlan and Hall, 2010). Splicing was analyzed using the IGV-sashimi plot 

function.  
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2.3 Results 

SNVs were identified using both TopHat2 and BWA generated alignments in both 

control (wild type) and TRACK mice relative to MM10 reference genome. Venn 

analysis was then completed to identify SNVs unique to the TRACK mice (Figure 

2.1). Comparison of control and TRACK mice genes single nucleotide non-

synonymous coding variants (SNVs) contained within RNA sequence data. Only 

variants identified by both TopHat and BWA alignments that alter coding sequences 

are included in analysis. 

 

 

Figure 2.1: Comparison of single nucleotide non-synonymous coding variants 

identified in control and TRACK mice genes SNVs contained within RNA sequence 

data. Only variants identified by both TopHat and BWA alignments are indicated. 
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Venn diagram identified two coding variants unique to control, two present in both 

Control and TRACK mice, and three unique coding variants exclusively in TRACK 

mouse. These coding variant accounted 28.6% in control, 28.6% common to both 

control and TRACK and high 42.9% in TRACK of total SNVs analysed (Figure 2.2). 

Exclusive TRACK coding variants were GC, ZDHHC4 and CES1D genes. The 

variant effect predictor showed high number of variants and number of affected genes 

are in TRACK in comparison to control. 

 

The prevalence of mutations in these genes was checked in ccRCC patients using 

renal cancer cBio mutations using TCGA/KIRC Genome dataset. All the three genes 

showed mutations when compared to all and renal cancers (Fig. 2.3). Further, these 

genes were checked for mutation in human ccRCC using TCGA/KIRC Genome 

dataset and out of GC and ZDHHC4 and CES. Only CES3 gene showed mutations 

(Fig. 2.4). 

Figure 2.2: Histogram illustrating comparison of number of variants and number 

of genes affected in control and TRACK predict by Variant Effect Predictor 

(VEP). The track mice showing both high number of SNVs and number of gene 

affected in comparison to control 
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Figure 2.3: Schematic representation of SNVs identified in the GC, ZDHHC4  and 

CES3 gene in all cancers reported in cBIO. 

Figure 2.3: cBio Analysis using TCGA/KIRC Genome dataset showing CES3/Ces1d 

is mutated  human ccRCC whereas no mutations in ZDHHC4 and GC gene is 

observed in ccRCC patients. 
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Ces1d (known as CES3 in mice) was the only one unique coding variants identified 

by both TopHat and BWA alignment that alter coding sequences.  Different genetic 

alterations of the Ces1d were checked in oncoprint of cBioPortal using TCGA/KIRC 

Genome dataset analyzing 413 patients/samples and illustrated amplification in 5% of 

human ccRCC, but not mutation or deletion as observed for the CES3 gene (Fig. 2.5). 

 

 

 

 

 

 

 

 

 

Additionally, CES3 gene alteration frequency was checked for all cancer types and 

showed amplification of gene in most of the cancer whereas some of the cancers 

depicted mutation and deletion (Fig. 2.6). When analysis was restricted to different 

subset of RCC the CES3 gene showed amplification in ccRCC and mutation in 

papillary renal cell carcinoma (pRCC) whereas no alterations were noticed in the 

CES3 gene in chromophobe (chRCC) and non-clear cell carcinoma (nccRCC) (Fig. 

2.7). 

 

Figure 2.4: Oncoprint depict genetic alterations in CES3 gene analyzed on cBio using 

TCGA/KIRC Genome dataset (N=413). The CES3/Ces1d is showing amplification in 5% of 

human ccRCC. No other alterations are shown. 
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Further, Cuffdiff and MapSplice splicing analysis of the TRACK dataset was used to 

test for alternative and aberrant splicing events affecting genes implicated in ccRCC 

including HIF-1α, HIF-2α, VHL, NDUFA4L2 and VEGFA along with newly 

identified coding variant CES3/Ces1d identified in TRACK. No aberrant novel 

splicing variants in the transcripts of HIF-1α, HIF-2α, VHL, NDUFA4L2 and VEGFA 

were identified. Only Ces1d transcript showed splicing SNVs (Fig. 2.9 & 2.10).  

 

Figure 2.5: Histogram depicts different alteration in gene CES3 in different subset of 

renal cell carcinoma (RCC) on cBIO using TCGA/Genen tech 2014 KIRC Genome 

dataset. The CES3 gene shows mutation in papillary renal cell carcinoma (pRCC) 

and amplification in clear cell renal cell carcinoma (ccRCC). There is no alteration 

in chromophobe renal cell carcinoma (chRCC) and non-clear cell renal cell 

carcinoma (nccRCC) 
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Figure 2.6: Histogram depicts different type of alterations in CES3 gene in overall 

cancer analyzed on cBIO using different human gene database. Several other 

cancer showing amplification (Red color) of CES3 gene. 

Figure 2.6: Gene expression level of CES3 gene in tumour (Green) and solid 

tissue (normal, Red) investigated using TCGA/KIRC human genome dataset on 

Cancer Genome Browser.  CES3/Ces1d is significantly higher in tumour relative 

to non-tumour specimens in ccRCC  
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Figure 2.7: Splicing variants shown by SNVs affecting the known ccRCC gene and 

SNV identified in TRACK mice on Integrated Genome Viewer.  HIF-1α, HIF-2α and 

VHL are not showing splicing variants. 

 

The effect of other SNVs identified in TRACK mice which were predicted to alter 

splicing were examined in the Cuffdiff isoforms output. These transcripts were MIX1, 

SLC16A3, DYNII1, VPS8, ZBTB38, HILPDA, PGK1 and CDC58.  The transcript 

DYNII1 showed alternative splicing in one exon but that could be artefact as this is 

not supported by many reads. In contrast, the PGK1 gene is significantly over-

expressed (2.9FC, q<0.05) in TRACK. The ZBTB38 transcript showed differential 
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promoter usage, whereas the Hilpda transcript was shorter in TRACK as compared to 

control mice (Fig.  2.11 & 2.12) 

 

 

Figure 2.8: Splicing variants shown by SNVs affecting the known ccRCC transcripts 

and SNV identified in TRACK mice on Integrated Genome Viewer. Only CES1d/ 

CES3 gene showing splicing variants whereas NDUFA4L2 and VEGFA genes have no 

splicing variants 
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Figure 2.9: Comparison of SNVs predicted to alter splicing to the Cuffdiff isoforms 

output using IGV-generated Sashimi plots. Hilpada, NDUFA4L2 and Zbtb38 are 

showing significant expression and splicing variation as well. 
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Figure 2.10: Comparison of SNVs predicted to alter splicing to the Cuffdiff isoforms 

output using IGV-generated Sashimi plots. CDC58, PLEKHM2 and ALDOA 

transcripts are showing significant expression and splicing variation. 
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To check whether HIF-1α over expression induce fusion transcript, MapSplice was 

used to identify splice variants and/or fusions transcripts in control and TRACK and 

novel insertion/deletions. Only two Non canonical genes were different in TRACK 

(114 genes) in comparison to control (98 genes). The analysis did not identify novel 

splicing, fusion or insertion/deletion events in the TRACK mouse kidney. 
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2.4  Discussion  

Research involving use of human ccRCC cell lines, ccRCC specimens of humans, 

murine models of ccRCC, and mouse transplants revealed the involvement of HIF-1α 

and HIF-2α in the progression of ccRCC (Gudas et al., 2014). Also literatures 

confirmed that the transcription factor HIF-1α (Hypoxia inducible factor alpha) 

constitutively expressed in many ccRCC and is responsible for the regulation of 

hypoxia–responsive genes (Harris, 2002, Semenza, 2003).  In a recent study, ccRCC 

was induced by HIF-1α in transgenic mice. Therefore to study ccRCC cancer, recent 

developed murine model called TRACK (the transgenic cancer of the kidney) used 

which express HIF-1α constitutively precisely in renal proximal tubules recapitulates 

several pathological and molecular features of early human ccRCC (Fu et al., 2011). 

For example, expression of CA9, Glut1, and CD31 (marker of angiogenesis) is highly 

raised in TRACK kidneys, and similarly human ccRCC exhibit high expression of 

these protein (Hui-Stickle et al., 2005, Jha et al., 1992). It is reported that TRACK 

mice resemble closely to the patients of VHL disease, comprising of deformed 

structure of tubule, multiple renal cysts and increased clarity of cells cytoplasm with 

increased deposition of lipid, glycogen, and early onset of ccRCC. 

Based on this knowledge, we hypothesized that over-expression of HIF-1α increased 

genome instability, manifested by increasing mutation rate and aberrant 

transcriptional splicing and fusion events, in ccRCC.  In the present study we used 

next generation RNA sequencing to identify single nucleotide variants (SNVs) in the 

TRACK ccRCC model relative to wild-type control mice. 

The Illumina Hiseq technology usually produces fragments of short sequence (50–200 

million) and 32–100 bp reads per run. The novel splice variants of genes can be 

identified by using the level of gene expression in these fragments of reads. Most 
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important process in RNA sequencing is mapping of NGS „reads‟ to the reference 

sequence. Two important aims of RNA-Seq experiments can be achieved by mapping 

to the genome; First identification of unique transcripts (from the field of covered 

areas in the mapping) and second, assessment of abundance of transcripts in the 

mapping (from their depth of coverage). Many alignment programs have been 

developed in the recent past including Eland (Cox, 2007, unpublished material), MAQ 

(Sutherland and Alexander, 2012), RMAP (Hoste and Kellum, 2006), , SeqMap 

(Pisoni et al., 2008), SOAP (Sutherland and Alexander, 2012), ZOOM (Chertow et 

al., 1995) BFAST (http://genome.ucla.edu/bfast),  CloudBurst (Schatz, 2009) Mosaik 

(http://bioinformatics.bc.edu/marthlab/Mosaik), MOM (Eaves and Gao, 2009), 

NovoAlign (http://www.novocraft.com), PASS (Goldstein, 2011), ProbeMatch (Jung 

Kim et al., 2009), ReSEQ (http://code. google.com/p/re-seq) and SHRiMP 

(http://compbio. cs.toronto.edu/shrimp). However all the above mentioned programs 

require a massive memory to form an index huge human genome and also to increase 

the sensitivity any sequencing error rates. In addition, the certain mapping strategies 

(Duzova et al., 2010, Vachvanichsanong et al., 2006, Palmieri et al., 2009, Schneider 

et al., 2010) comprise alignment measures to localize Illumina sequence to identified 

exons in the genome. Therefore in the present study the alignment was done with 

BWA (Burrows–Wheeler-Transform) and TopHat, as these are competent algorithms 

for read-mapping. Both TopHat and BWA intended to align reads from an RNA-Seq 

experiment to a reference genome whereas BWA do alignment without relying on 

known splice sites. Both TopHat and BWA can identify approximately 2.2 million 

reads/CPU hour. Therefore it was possible to complete the entire RNA-Seq 

experiment on a standard desktop computer in less than one day. The analysis for the 

SNVs were more robust as including three mice per group and variants identified by 
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both BWA and TopHat alignment that alter coding sequence are included. Three 

genes GC, ZDHH4 and CES3 were unique to TRACK out of which only CES3 gene 

showed mutations in human cancer.  

Altered cell metabolism is a characteristic feature of ccRCC disease (Linehan et al., 

2010, Hanahan and Weinberg, 2011a). Loss of VHL expression is responsible for 

enhanced expression of HIF-1α and HIF-2α in ccRCC. This result into increased 

expression of HIF-responsive genes involved in glucose uptake, enhanced glycolytic 

metabolism and decreased mitochondrial respiration (Semenza, 2003). The present 

study reveals the potential role of a novel CES3 mutation in renal clear cell carcinoma 

(ccRCC).  

CES3 (carboxylesterase 3) gene is an orthologue of human Ces1d also known 

triglyceride hydrolase. It is involved in lipolysis by hydrolyzing stored triglycerides 

into fatty acids and enables both uptake as well as incorporation of nutrients into 

biomass. Proliferating tumour cells needs large amounts of fatty acids and cholesterol. 

Several literatures confirmed that it is achieved by hyperactivation of de novo 

lipogenesis in various types of neoplasia (Vitols et al., 1990, Pannu and Nadim, 2008, 

Palmieri et al., 2010, Andreoli, 2009, Huang et al., 2016). Cancer cells can also use 

exogenous FAs by converting it to lipids that are vital for proliferation and pro-

tumourigenic lipid signalling (Arana et al., 2010, Louie et al., 2013).  Present finding 

can easily relate to the “clear” histological subtype of renal cell carcinoma (Zappitelli 

and  2009), which significantly correlated to HIF-1α expression as HIF-1α showed 

enhanced expression of lipin 1, a phosphatidate phosphatase involved in the final step 

of triglyceride biosynthesis (Lafrance et al., 2010). 
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Huang et al, presented link between obesity and cancer and proposes a significant 

relationship between the host lipid metabolism and tumourigenesis (Huang et al., 

2016). They illustrated increase VLDL production and impaired VLDL/LDL turnover 

by tumour leads to hyperlipidemia in mice and genetic ablation of Ces3/ TGH in mice 

caused reduced tumour growth by a low source of cholesterol-rich lipoproteins to the 

tumour (Huang et al., 2016). However, the exact cellular mechanisms which link 

obesity with cancer incidence, recurrence, progression and death remain to explore. 

Genetic instability is driven by genetic changes like deletion or insertion and base 

substitution of few nucleotides at nucleotide level whereas translocation, gain or loss 

of chromosome and its rearrangements (Venkatachalam et al., 2010). In ccRCC 

altered VHL gene leads to over expression of HIF-1α which subsequently increase 

HIF targeted genes such as NDUFA4L2 which is one of the most expressed gene in 

almost all ccRCC samples compared to healthy kidney tissue. In the present study 

only CES1d/CES3 is altered by mutation whereas other interesting transcripts HIF-1α, 

HIF-2α, VHL, NDUFA4L2, and VEGFA showed no alterations. In present study we 

did not validate the SNVs. Also these are kidney specific transgenes, therefore these 

SNVs effect are local and will not affect the germline. So it should consider these 

mutations like the mutations that arise in patients‟ tumors, rather than being germline 

mutation. 

Several studies provide the information regarding association of hypoxia and gene 

amplification (Du et al., 2011, Parikh et al., 2011, Wheeler et al., 2008, Zappitelli et 

al., 2007). Gene Amplification is one of the most recurrent modifications noticed in 

cancer cell and is linked with over expression of several oncogenes hence associated 

with tumour progression (Bindra and Glazer, 2005). In present study analysis using 

TCGA genome dataset on cBIO portal showing CES3/CES1d is amplified in 5% of 
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human ccRCC and there is high expression level of CES3/ CES1d in tumour cell in 

comparison to normal cell when analysed on cancer genome browser. 

The final objective in this chapter was does HIF-1α over-expression induce fusion 

transcript? Fusion transcripts can arise from the joining between two otherwise 

separated genes due to insertion, deletion, translocation or inversion. These genes are 

frequently found to function as oncogenes playing major role in progression of many 

cancers. Fusion transcripts can arise as a result of chromosomal insertion, deletion; 

inversion or translocation that joins two otherwise separated genes. Fusion genes are 

often identified as oncogenes. These genes usually play important role in the 

development of many cancers. Trans-splicing is an event that involves ligation of two 

different primary RNA transcripts. Both fusion genes (DNA level) and trans-splicing 

events (RNA level) can form fusion transcripts. Several online tools viz 

Bellerophontes, Chimerascan, FusionHunter, JAFFA, MapSplice, and TopHat-Fusion 

are available. In present study MapSplice tools were used to analyze. Literature 

suggested that MapSplice can detect maximum number of true fusions as well as a 

large number of false fusions. There are many others tools like JAFFA and 

Chimerascan that are advanced tools specifically with minimum false fusions. But 

these tools are working well for paired-end sequences with longer read length whereas 

MapSplice can be applied to both short (<75) and long reads (<75 bp) of single-end 

sequences with less false discovery (Kumar et al., 2016). There were no significant 

results were observed between Control and TRACK mice for canonical, Non-

canonical and semi canonical splicing performed by MapSplice. Therefore it is 

possible to conclude that HIF-1α over-expression appears not to be pro-mutagenic in 

TRACK mice. 
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Further, Cuffdiff was used to analyze differential gene expressions with 2 fold change 

and found few transcripts are significantly expressed and have splicing variants as 

well. These are NDUFA4L2, Hilpda, Zbtb38, Cdc58, Plekhm2, Aldoa, Mix1, Slc16a3, 

DynII1 and VPS8 out of which genes some of them showed splice junctions or 

variation on Sashimi plot software were NDUFA4L2, Hilpda, Zbtb38, Cdc58, 

Plekhm2 and Aldoa. Although the SNV pipeline has identified a putative variants in 

splice acceptor site of NDUFA4L2, the Sashimi plot suggest it does not affect splicing 

for NDUFA4L2. The hypoxia-inducible lipid droplet-associated (Hilpda/Hig2) is a 

unique Peroxisome proliferator-activated receptors target gene which have role in 

hepatic lipid/ triglyceride metabolism (Linehan et al., 1995). In the present study 

Integrated Genome Viewer showed shorter Hilpda transcript variants in control as 

compared to the TRACK. Zbtb38 gene encoded a zinc finger transcriptional activator 

that binds methylated DNA and associated with apoptosis in some cell types. This 

present study revealed its differential promoter usages as increase in HIF-1α appears 

to alter the transcriptional start site of Zbtb38 in TRACK. Zbtb38 have 10 possible 

alternative promoters along with 5 non-overlapping substitutive last exons and 6 

validated alternative polyadenylation sites. The link between these genes and 

carcinogenesis of ccRCC needs to be further investigated. 
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Chapter 3: Investigation of potential mechanistic links 

between AKI and kidney Cancer 

 

3.1  Introduction 

Acute kidney injury (AKI) is most frequently encountered condition which has a very 

high risk death of the patient. It has been observed that in relation to time there has 

been a steady increase in the cases of AKI (Xue et al., 2006, Hsu et al., 2007). 

Concurrently, the prevalence of chronic kidney disease (CKD) has also been 

increasing (Coresh et al., 2007). Over the past several years, increasing evidence from 

experimental animal models and human studies indicate that AKI can result in 

irreversible damage of kidney, including CKD and it is also reported to damage 

organs other than kidney (Basile et al., 2001, Basile, 2004). 

Historically, various measures have been used to determine the functional status of 

the kidney and define these abnormal functions which can be used as a guide in the 

diagnosis of the disease. Currently there are as many as 30 definitions cited in the 

literature for defining acute failure of kidney (Coresh et al., Kellum et al., 2002). The 

definitions exist to define disease of various orders of severity. It defines severe form 

of disease like ARF where dialysis is must for survival to less severe form of disease 

where there is slight increases in serum creatinine (Mehta and Chertow, 2003). This 

wide array of definitions have helped place the patients in a wide spectrum ranging 

from mild to highly severity allowing a subset of severely ill patients (requiring 

dialysis) to be distinguished from other patients. (Warnock, 2005). The chances of 

survival of the patients are directly correlated to the severity of kidney injury. The 

Acute Kidney Injury Network (AKIN) utilizes AKI as an abnormality of the structure 

or function or markers that describe the injury status of the patient such as alterations 
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in the tests of urine, blood, or tissue or on the basis of the image studies conducted 

within a span of three months. In normal condition urea, creatine and wastes that arise 

from other metabolic processes are eliminated by the kidney, however in AKI the 

kidney is unable to perform such eliminations and they are retained in the body. In 

patients suffering from severe AKI there may exhibit normal urine production or there 

may be alterations in the urine volumes such as production of excessive urine or little 

amount of urine (oliguria) or no urine production (anuria) (Mehta et al., 2007). 

3.1.1.1  AKI causes and progression 

Acute kidney injury may arise because of various reasons such as reduction in the 

perfusion efficiency of renal or intra-renal regions, damage to renal tubule because of 

toxic substances or blockage, swelling, tubule interstitial inflammation or significant 

decrease in the filtration capability of renal glomerulus (Thadhani et al., 1996)  

Toxins or ischemia (reduction in the blood supply to tissue or organ) usually lead to 

sepsis in the kidney and result in AKI. When the kidney is affected by both toxins and 

ischemia it results in a more severe acute kidney injury which involves sepsis, AIDS 

or hematologic cancers. Pre-existing kidney disease predisposes patients for AKI and 

related to this AKI risk is proportional to CKD stage (Parfrey et al., 1989, Nash et al., 

2002, Hsu et al., 2008, Ishani et al., 2009, Khosla et al., 2009, Okusa et al., 2009). On 

the other hand, patients who had chronic kidney disease (CKD), the kidneys are more 

prone to damage which result in the progression to End Stage Renal Disease (ESRD) 

(Hsu et al., 2009, Khosla et al., 2009, Okusa et al 2009). Through clinical studies it 

has been reported that progression of AKI may also result in patients with no previous 

kidney disease. Here the patient may not recover completely resulting in residual 

damage which may slowly progress to AKI (Finn, 1993, Gueler et al., 2004, Hsu et 

al., 2007, Ponte et al., 2008, Snoeijs et al., 2010, Coca et al., 2009) 
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In kidney, ischemia reperfusion injury (IRI) contributes to pathological conditions 

including AKI that is a clinical syndrome with rapid kidney dysfunction and high 

mortality rates (Hoste et al., 2006, Kellum et al., 2011). The mechanisms involved in 

the pathophysiology of IRI in kidney is not simple and involves several complicated 

pathological pathways such as neutrophils activation, ROS and intermediates of 

inflammatory pathways (adhesion molecules and a variety of cytokines). Studies have 

demonstrated the beneficial effects of different agents in combat with IRI (Dosluoglu 

et al., 1993, Erkasap et al., 2004, Korkmaz and Kolankaya, 2009, Kucuk et al., 2009, 

Ihtiyar et al., 2011). It has been stated that IRI is the dominantly responsible for 

causing not only in native but also in the transplanted kidneys (Jang et al., 2009). 

Renal IRI triggers an inflammatory cascade that involved in more renal damages, so 

inhibition of inflammatory responses is a therapeutic approach to protect renal tissue 

(Jang et al., 2009, Stroo et al., 2010). 

The advancements in the acute kidney injury in patients are because of the permanent 

damage of the kidney on account loss nephrons and left over scars in these tissue 

regions. Various altered physiological conditions involved in hypertension, excessive 

load of calories, diabetes mellitus, and aging can itself initiates the injury of kidney or 

it may have a cumulative effect of the pre-existing CKD. In such condition the 

hemodynamics of the kidney is disturbed, increases the physiological and metabolic 

stress/load and this aggravates the pre-existing damage of kidney (Bidani and Griffin, 

2002, Caramori and Mauer, 2003, Abrass, 2004a, Johnson et al., 2005, Nguyen and 

Hsu, 2007, Fioretto et al., 2008, Griffin et al., 2008, Bakris and Ritz, 2009, Balakumar 

et al., 2009). Multiple structural (Nath, 1992, Bidani and Griffin, 2002, Gueler et al., 

2004, Johnson et al., 2005, Eddy and Neilson, 2006, Nangaku, 2006, Schlondorff, 

2008), functional (Caramori and Mauer, 2003, Abrass, 2004a, Abrass, 2004b, Johnson 
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et al., 2005, Nguyen and Hsu, 2007, Fioretto et al., 2008, Griffin et al., 2008, 

Balakumar et al., 2009), and signalling abnormalities (Megyesi et al., 1999, 

Nakagawa et al., 1999, Park et al., 2001, Okusa, 2002, Andreucci et al., 2003, 

Spurgeon et al., 2005, Jo et al., 2008, Geng et al., 2009, Li and Durbin, 2009, Zeng et 

al., 2009) can affect diverse kidney cell types during progression (Vaidya et al., 

2008). 

The kidney has the capability to recover back from various degrees of functional renal 

damages. For this to happen there has to be a sequence of events that must be 

followed after the injury. These include the spreading and migration of the epithelial 

cells to conceal the portion of the basement membrane that was exposed, regeneration 

of tissue by dedifferentiation and multiplication of cells. Once the cell number is 

restored the cells undergo differentiation to allow achieve ultimate functionality of 

nephron (Bonventre, 2003). Various studies support the thinking that there exists a 

dynamic association between repair of tissue, disease advancement or relapse of renal 

damage (Witzgall et al., 1994, Vaidya et al., 2003a, Vaidya et al., 2003b, Vaidya et 

al., 2008, Remuzzi et al., 2006). In circumstances where the repair of nephrogenic 

tissue is delayed or is inhibited, there occurs advancement in the injury of kidney and 

thus result in chronic kidney disease. However if the repair process is not delayed 

(timely treatment), the advancement of injury is halted, tissue gets chance to the 

undergo regression and recover (Vaidya et al., 2003a). 

3.1.1.2  Pathophysiology and mechanisms of AKI 

A variety of disturbances in the physiological mechanisms as a result of infection or 

disease can lead to AKI in response to toxins or ischemia. 
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These could be attributed to (a) hampering of self-regulation and increase in the 

constriction of renal blood vessels, resulting in decreased renal perfusion, (b) loss of 

tubular renal function and death of cells by necrosis or programmed cell death, (c) 

shedding of the outermost layer of cells comprising of both viable and dead cells 

which result if obstructions within tubules, (d ) Abnormality in the transportation 

because of metabolic changes result in abnormal balance of glomerular tubule, and (e) 

inflammation of interstitial tissue and vascular jamming as a result of local production 

of mediators of inflammation (Bonventre, 2003, Schrier et al., 2004). 

Studies in the recent past has been able to throw light on various important links like 

AKI, CKD and ESRD (Coca et al., 2009, Hsu et al., 2008, Hsu et al., 2009, Ishani et 

al., 2009, Khosla et al., 2009, Lo et al., 2009, Okusa et al., 2009, Waikar and 

Winkelmayer, 2009, Wald et al., 2009, Thakar et al., 2009). These studies support 

hypothesis that collaborative interactions between AKI and CKD lead to huge 

alterations in the kidney pathophysiology and aggravate the disease condition that 

ultimately progress to ESRD. 

When the response of these injuries is observed on the cell, it could be observed that 

there is loss of integrity of cytoskeleton, loss of polarity of cell, mis-localization of 

various molecules responsible for cell adhesion, other membrane proteins (Na
+
K

+
 

ATPase and β-integrins), that result in dislodging the brush border proximal tubule, 

cell death by necrosis and apoptosis (Zuk et al., 1998). When the injury is more 

pronounced, it results in dislodging or removal of not only non-viable cells but also 

viable cells which results in exposure of basement membrane (only barrier between 

peritubular interstitium and filtrate (Bonventre and Zuk, 2004).  
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3.1.1.3  Animal models of AKI 

Although use of animals in experimentation is a matter of debate and is rightly matter 

to rigorous restrictions by law and ethics. However, it is important to perform pre-

clinical trials on these animal models before the technology could be tried on humans. 

There has been development of therapeutic treatments because our understanding of 

disease pathophysiology has improved tremendously because of usage experimental 

models. This becomes altogether more important in renal IRI studies because there 

are only few available in vitro models (Lange et al., 2005, Togel et al., 2007, Choi et 

al., 2009, Pino and Humes, 2010, Hara et al., 2011, Giraud et al., 2011). A large 

number of studies on renal IRI is dedicated on rodent models which focused of earlier 

concepts involved various protocols for reperfusion (Bedi et al., 2010). Although the 

rodent model is cheaper and easier to manage in the laboratory than large animal 

models, studies have been limited because of challenges in the extrapolation of rodent 

data to human. Earlier the gene knock out studies were restricted go rodent models, 

however now such knock out or genetic manipulations can be performed in pigs 

which gives an opportunity to widen our perspectives (Giraud et al., 2011). Non-

human primates, dogs and pigs are the three most widely used experimental models 

for transplantation pre-clinical trials. Use of these models has helped tremendously to 

evaluate the efficacy of pharmacological therapy and to evaluate devices incepted in 

medicinal preclinical trials. Certain attributes such as resemblance in size, physiology, 

development of organ and manner in which the progression of disease takes place in 

pig is similar to humans, therefore pig is considered as a superior model that can be 

used for research on human diseases (Lunney, 2007). Because of these similarities 

there is basic information available on the recovery of graft and inflammatory 

mechanisms/response that can be utilized for in vivo studies. The kidney of humans 
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and pigs are structurally similar exhibiting multi-lobular structures, however dog and 

rodent kidneys exhibit uni-lobular kidney. In addition, the large body and organ size 

of the European large white pig allows performing various surgical in a manner 

performed on humans, it permits multiple time collection of the peripheral blood from 

pig, or conduct biopsies. Therefore, pig becomes an important model for medical 

training as well as for evaluation of preclinical technologies. Furthermore, pig models 

are relevant substitutes to non- human primate models which offering promising 

perspectives with developments of transgenic modulation and marginal donor models 

enabling data extrapolation to human conditions (Lieberthal and Nigam, 2000, Kirk, 

2003, Lunney, 2007, Dehoux and Gianello, 2007, Simmons et al., 2008, Giraud et al., 

2011, Gardner et al., 2014, Gardner et al., 2016). 

Similarity in renal anatomy and vascular bed of porcine to human kidneys, give 

advantage to these models to be applicable to assess the renal response following 

injury like renal tubular inflammation and repair processes (Wen et al., 2010). 

Comparison on the basis of renal embryology, anatomy, architecture and lymphatic 

pattern, ability to concentrate urine, and sensitivity to ischemia of porcine suggest that 

the pig kidney may be more similar to the human kidney than those of the dog or 

rodent. Therefore it is considered as superior models to study ischemia/reperfusion 

consequences (Schmidt-Nielsen and O'Dell, 1961, Killion et al., 1993, Lieberthal and 

Nigam, 2000, Simmons et al., 2008). The genome was sequenced and characterized 

for porcine model under the auspices of the Swine Genome Sequencing Consortium 

(Schook et al., 2005, Archibald et al., 2010). Genomics tools for Sus Scrofa including 

microarrays have been available since 2005 (Zhao et al., 2005). To portray a 

preclinical model of chronic ischemic wound (Roy et al., 2009) and also to study the 
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effect of hypoxia on stem cells (Wang et al., 2010b) this advance technology has been 

used. 

3.1.2  Hypoxia and AKI 

It has now been well established that the primary reasons which can lead to AKI 

include (i) ischemia: insufficient blood supply to an organ or to a specific part of the 

body, (ii) hypoxia: insufficient supply of oxygen to the tissue or (iii) nephrotoxicity: 

exposure of body to the toxins or drugs that cause kidney damage (Basile et al., 2012). 

The various genes such as those involved in the oxygenation of tissue, metabolism of 

cell and cell survival are important protective genes gets affected by the hypoxic 

conditions. Hypoxia-inducible factors consist of subunits α & β and exist as a 

heterodimer which has significant role in the expression of genes under decreasing 

partial pressure of oxygen (Gunaratnam and Bonventre, 2009). There occurs 

inhibition of HIF-prolyl-hydroxylase under reduced oxygen conditions. This permits 

quick accumulation of HIFα which can readily combine with HIFβ to for a 

heterodimer (HIFαβ). This heterodimer is then transported to the nucleus where it 

brings about the activation of large number of genes that help to adapt to hypoxic 

conditions 

When AKI is induced by ischemia, pathogenic bacteria or its toxins (sepsis), hypoxia 

plays an important role. It induces an adaptive response in renal kidney that could 

minimise the impact of damage. Therefore, the effect of damage that otherwise would 

have been lethal is reduced to sub-lethal response where cell continue to survive 

(Naito et al., 2009). One of such adaptation includes the distinguished capability of 

kidney to reduce oxygen intake for tubular transport, thus encourages renal 
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oxygenation. Through this adaptation the cellular integrity is not lost during hypoxia 

(Heyman et al., 2012). 

It is believed that the hypoxic stress in kidney may have developed due to (i) 

suppression of regional perfusion, (ii) enhanced use of oxygen in tubular transport or 

(iii) because of both i & ii. Reduction in the physiological partial pressure of oxygen 

in the medullary region of kidney makes it susceptible to hypoxic damage. These 

damages are observed in the S3 region of proximal tubule in experimental warm 

ischemia and reperfusion or in the thick uphill limbs of medullary region (mTALs) of 

AKI models (Heyman et al., 2000, Rosenberger et al., 2006, Heyman et al., 2010). 

AKI arising as a result of various reasons stated above can lead to chronic renal 

disease, renal hypoxia and tubular hypoxic stress. The various adaptive responses to 

the hypoxic condition may involve redistribution of blood flow within renal 

chambers, reduction in glomerular filtration rate, and reduced tubular transport. 

Microvascular injury and dysfunction are known to influence pathogenesis of acute 

kidney injury. It created a feed-forward loop of hypoxia and lead to formation of 

reactive oxygen species (Zager et al., 2007). In order to prevent AKI and weaken the 

effect of hypoxia on renal parenchyma, it is important to restore the lost 

microvascular function. One of such measures that have been observed during sepsis 

in mice is suppression mitochondrial oxygen utilization. To achieve this, genes 

involved in the biogenesis of mitochondria or mitochondrial respirations are down-

regulated and are most likely facilitated by suppression of transcriptional co-activator 

(PGC-1a). The net balance between the oxygenation and consumption of oxygen in 

the altered microcirculation during AKI reflect the extent of damage. The 

understanding of the processes that enhance oxygen or reduce its consumption in the 
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organ or site of altered microenvironment would help to prevent AKI (Heyman et al., 

2012).  

3.1.3  Hypoxia and ccRCC: How hypoxia in AKI may predispose to ccRCCS 

Most patients who present with advanced RCC have a poor prognosis because RCC 

easily metastasizes and improved therapies have been limited (Linehan et al., 2004; 

Zini et al., 2009; Jemal et al., 2010). A common risk factor are shared by both Acute 

kidney injury and chronic kidney, also it have common disease modifier. Chronic 

kidney disease can develop without pre-existing acute kidney injury, on the other 

hand occurrence of chronic disease leads to development of AKI. Hence presence of 

either or combination of AKI or CKD may result in ccRCC (Goldberg and Dennen, 

2008; Coca et al., 2009).   

AKI often complicates CKD especially in stages 3 to5 as permanent decrements in 

kidneys have been noticed after single or repeated episodes of AKI/ARF in Persons 

with or without pre-existent kidney disease.  AKI represents a substantial risk factor 

for progressive CKD and then ccRCC. A steeper decline in renal function can be 

noted due to a single episode of of AKI than normally expected from aging alone. 

Hence patient must be closely monitored, who develop severe AKI or recover slowly 

from AKI even when the eGFR returns to baseline. 

3.1.4  Biomarkers for AKI and ccRCC  

The diagnosis and treatment of AKI and ccRCC patients depend on the potential of 

biomarkers used. Yet to date no very specific and useful tumour markers for diagnosis 

and follow-up of AKI has been identified. Studies reveal the two factors should be 

taken into account while establishing an  effective therapies for AKI:  (1) 

development of specific, sensitive and consistent biomarkers for early 
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prognosis/diagnosis of AKI in preclinical and clinical studies and (2) expansion and 

authentication of high-throughput pioneering technologies that consent rapid 

multiplexed detection of multiple markers at the bedside (Vaidya et al., 2008).  

Urine, components of serum, imaging studies or other measureable parameter can be 

Accessible markers of AKI. To detect AKI in early stage, the molecular/ genes are the 

utmost promising markers. These markers are beneficial and convenient tools for the 

earlier diagnosis, identification of mechanism of injury, and assessment of site and 

severity of injury. Optimistically, these markers will be  ascertain to be advantageous 

in enabling early diagnosis, supervising aimed intervention and finally checking 

disease progression and resolution when used in one or more, either alone or in 

combinations  

3.1.5  Hypothesis 

Collectively the published evidence leads to the hypothesis that AKI related hypoxia 

can induce several molecular and pathological changes which may resemble processes 

in ccRCC and may predispose to ccRCC risk. To test this hypothesis, RNA 

sequencing was used to compare the transcriptome of animal models of ccRCC and 

AKI and human ccRCC tumour specimens. This analysis has identified a key network 

of genes commonly deregulated in AKI and ccRCC.  
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 Material and methods  

3.1.6  cDNA library preparation and sequencing and quality processing: 

Total RNA from control (n=3) and HIF-1-over-expressing TRACK (n=3) transgenic 

mice were submitted to the genomics facilities at Weill Cornell Medicine ( Fu et al., 

2011, 2015) for single-end Illumina HiSeq RNA sequencing. Please see chapter 

(section 2.2.1) for detailed description of the processing of mouse RNA sequencing 

data. Total RNA from control (n=2) and AKI pig kidney samples (n=2) were 

submitted to the Barts and London Genomics center for Illumina RNA sequencing. 

For pig sample paired-end sequencing strategy was employed. In both instances a 

minimum of 20 million reads were obtained for each sample. Raw fastq sequences 

obtained from Ilumina NextSeq were analyzed using a local Linux cluster. The 

TrimGalore wrapper for Cutadapt and FastQC was used to trim adapter sequences and 

low quality bases (phred score <30). Quality-processed fastq files were aligned to the 

mouse and pig Illumina iGenome ENSEMBL reference sequences as appropriate.  

3.1.7  Differential gene expression analysis 

For differential gene expression analysis, the quality-processed fastq were aligned 

using TopHat2 to Illumina iGenome ENSEMBL annotated pig (Sscrofa10.2) and 

mouse (GRCm38/mm10 reference sequences and use for annotations (Trapnell et al., 

2009). The resultant BAM alignment files (for each condition) with transcript 

annotation file were provided as input to Cufflinks/Cuffdiff (Trapnell et al., 2010) to 

assemble individual transcripts from RNA-Seq reads that had been aligned to the 

genome and predicted the relative abundances of each transcript by counting the 

number of reads that mapped to the genomic location of that transcript. Abundances 

were stated in FPKM which denoted the expected fragments per kilo base of 



80 

transcript per million fragments sequenced (Trapnell et al., 2010) for pig samples and 

RPKM for the single-end RNA sequencing analysis of the TRACK mice.   

Transcripts were assembled by cufflinks were used by Cuffdiff to compared gene 

expression between two samples (Normal and TRACK), to identify differential 

isoform and differential promoter usage. The reads for each biological replicates were 

mapped independently.  Only the comparisons with “q-value” less than 0.05 and 

expression fold change greater than two fold in the Cuffdiff output were taken as 

significant differential expression. The differential gene list was analysed for gene 

annotation (GO Analysis) and analysed in the Cancer Genome Atlas (TCGA) research 

network croc (KIRC) dataset (Creighton CJ, 2013).  

The comparisons of differential gene expression identified after cuffdiff output analysis 

in AKI (IRx2) and TRACK ccRCC (TRACK) were done by Venn diagram analysis. 

Venn Analysis:  Cuffdiff output list of Control and Ischemic reperfusion pig (IRx2) 

were pasted (one element per row) in two lists box of Venny online software program 

(http://bioinfogp.cnb.csic.es/tools/venny/) and clicked the numbers to see the result 

and saved it by right click. Similarly, comparision of differential gene expression 

identified in AKI (Cntrl_IRx2) and TRACK ccRCC (TRACK) were done. The 

Common differential genes were  identified for further analysis. 

 

3.1.8 qRT-PCR methods 

Total RNA from control and AKI pig kidney was isolated and converted into cDNA 

(provided by Professor David Gardner). In the present study, Cuffdiff a part of the 

Cufflinks package was used to compare differentially expressed genes of interest both 

http://bioinfogp.cnb.csic.es/tools/venny/
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in AKI and cancer model conditions by rigorous statistical analysis.it shows result in 

mean FPKM /RPKM value. Genes were selected for validation on the basis of 

FPKM/RPKM and greater than 2 fold change. Post-Hoc test with Benjamin-Hochberg 

(BH) procedure was used and only p>0.05 was considered as significant expression. 

TaqMan PCR assays for used each gene target were performed in triplicate on cDNA 

as described (Nilsson et al., 2015).  The following assays were employed for qRT-

PCR analysis of pig samples: Rbp4: Ss03393811_g1; MYC:Ss03649118_sH; EGR1: 

Ss03373483_s1; ASNS: Ss04245795_m1; ANXA2: Ss03391794_m1; TTR:

 Ss03383377_u1; FMOD: Ss03373329_s1; HRG: Ss04328164_m1; NQO1:

 Ss04246170_m1; SLPI: Ss03392443_g1; MMP7: Ss03383345_u1; SLC30A2: 

Ss04321323_g1 and normalized to expression of actin: Ss03376160_u1. qRTCPR 

analysis of mouse samples employed the SYBR green method and the following 

primer pairs: mMyc: F: 5′-TCGACTCGCTGCTGTCCTCCGAG-3′, 5′-

CCTCTTCTCCACAGACACCACATC-3′,  and mRBP4:F:5′-

CGCTCTGCAGTACTCCTGCCGCCTG-3′; R:5′-

GCTACAAACTGTTTCTGGAGGGCCTG-3′; mANXA2: F:5′- 

GAAGGGCAAGGGGACTCGAGACAAG-3′; R:5′- 

GTGATCCACTGTGCTGAGCCCTTCAG-3′; TTR: F:5′-

CAGTTCCTCGGTGCTGCCGGAACC -3′, R: 5′- 

CCGAGTCGTTTGGCTGGGATAACTC -3′ and m-actin:F:5′-

GATCCACATCTGCTGGAAGG-3′, R:5′-AAGTGTGACGTTGACATCCG-3′. The 

identities of the amplified PCR products were confirmed by direct Sanger sequencing. 
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3.2 Results 

The TopHat2 aligned sequences of samples of Ischemic perfusion pig (2) and 

control_saline sample (2) were processed for Cuffdiff (p>2 FC) and the results DEG 

were compared with DEG from control and TRACK. Venn diagram (Figure 3.1) 

showed that ischemic reperfusion pig and TRACK expressed 208 and 897 unique 

genes that account for 18.2% and 78.5% of total expressed genes. A cohort of 37 

genes were found that was differentially expressed in both AKI and ccRCC disease 

processes that was 3.2 % total expressed genes gene list was shown (Figure 3.1). 

Twenty four genes out of 37 are upregulated in both AKI and ccRCC diseases that 

account for 88.8% of total common expressed genes whereas rest 13 genes plays 

important role in AKI. Specifically APOA4 (616 FC), ANXA2 (42 FC), AZGP1(126 

FC), CDKN1A (27 FC), MYC (10 FC), PFKFB3 (15 FC), RBP4 (89 FC) and 

TNFRSF12A (29 FC) gene were highly expressed in ccRCC disease conditions than 

the AKI (Table 3.1). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Venn diagram illustrating the analysis comparing differential gene 

expression identified in AKI (IRx2) and TRACK ccRCC (TRACK). The Ischemic 

reperfusion pig and TRACK expressed 208 and 897 unique genes respectively 

whereas 37 common genes were expressed 



83 

 

Table 3.1: Differential expressed genes in AKI and TRACK and those that are 

differential in the same direction in both conditions. Those expressed either higher or 

lower (24 of 37 genes) in both AKI and ccRCC are indicated in bold. Those tested by 

qRT-PCR are underlined. 

Gene Name Description 

AKI 

FC 

TRACK 

FC 

ADAMTS15 ADAM metallopeptidase with thrombospondin type 1 motif 15  1.49951 3.20449 

ANXA2 annexin A2  1.28542 41.9997 

APOA4 apolipoprotein A-IV  5.29525 615.95865 

ASNS asparagine synthetase (glutamine-hydrolyzing)  1.54427 13.01304 

AZGP1 alpha-2-glycoprotein 1, zinc-binding  1.82234 125.6239 

CDKN1A cyclin-dependent kinase inhibitor 1A (p21, Cip1)  3.44959 27.2135 

CEBPD CCAAT/enhancer binding protein (C/EBP), delta  1.50236 4.13512 

CFTR cystic fibrosis transmembrane conductance regulator  2.28997 2.47838 

CHAC1 ChaC glutathione-specific gamma-glutamylcyclotransferase 1  3.18296 2.457135 

EGR1 early growth response 1  1.30804 3.84005 

ELF3 E74-like factor 3 (ets domain transcription factor, epithelial-

specific )  
1.14585 8.93412 

JUNB jun B proto-oncogene  1.25884 6.94959 

MAFF v-maf avian musculoaponeurotic fibrosarcoma oncogene 

homolog F  
1.84538 2.62204 

MYC v-myc avian myelocytomatosis viral oncogene homolog  1.69595 10.39858 

PFKFB3 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3  1.94903 14.77102 

RBP4 retinol binding protein 4  3.41779 89.146399 

SFRP5 secreted frizzled-related protein 5  1.80551 1.188181 

SLC34A2 solute carrier family 34 (type II sodium/phosphate 

cotransporter), member 2  
2.81532 4.479052 

STEAP4 STEAP4 metalloreductase  3.77009 1.394278 

TNFRSF12

A 

tumour necrosis factor receptor superfamily member 12A  2.91335 29.0058 

TOP2A topoisomerase (DNA) II alpha  1.3745 1.01847 

GPR98 adhesion G protein-coupled receptor V1  -2.00281 0.952378 

PGLYRP2 peptidoglycan recognition protein 2  -2.03643 0.19262 

SH2D1A SH2 domain containing 1A  -2.57441 0.356638 

ADAMTS4 ADAM metallopeptidase with thrombospondin type 1 motif 4  3.33206 0.330598 

LYVE1 lymphatic vessel endothelial hyaluronan receptor 1  3.2555 0.3253674 

SOX9 SRY-box 9  2.23761 0.262986 

F2 coagulation factor II (thrombin)  -1.94491 80.03877 

FMOD fibromodulin  -1.18496 2.32629 

HPD 4-hydroxyphenylpyruvate dioxygenase  -1.37219 51.85386 

HRG histidine-rich glycoprotein  -1.28518 8.91432 

INMT indolethylamine N-methyltransferase  -1.69061 425.073 

POSTN periostin, osteoblast specific factor  -2.67954 1.31486 

SLC17A4 solute carrier family 17, member 4  -3.34523 2.46003 

SLC4A11 solute carrier family 4, sodium borate transporter, member 11  -1.76829 1.063277 

TTR transthyretin  -3.68217 50.827 
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From cohort of 37 genes, several genes were selected for validation by TaqMan 

qPCR. The upregulated genes selected for validation were MYC, ANXA2, EGR1, and 

RBP4 both in pig and TRACK model, whereas FMOD, NQO1, MMP7, SLC30A2, 

HRG, TTR and SLPI genes were validated in pig.  Figure 3.2 showing the relative 

expression of MYC, RBP4, ANXA2 and EGR1 in WT (Wild type) and in TRACK. The 

genes RBP4, MYC, ANXA2 were significantly expressed in TRACK than wild type 

whereas EGR1 was not significantly differentially expressed.  

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Quantitative qRT-PCR showing the relative expression (normalized to β-

actin gene) of RBP4, MYC, ANXA2 and EGR1 in wild type (WT) and TRACK 

mouse. The data show significant expression of RBP4, MYC and ANXA2 whereas 

EGR1 gene was not significantly expressed in comparison to wild type. The relative 

expression levels were calculated by Pfaffl method and statistically analyzed by t-test 

with p>0.05 considered significant. 
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The relative expression of genes MMP7, FMOD, RBP4 and NQO1 were significantly 

expressed in pig AKI model in comparison to control pig where as other selected 

genes viz TTR, SLPI, SLC30A2 and HRG showed insignificant relative expression 

compared to control (Fig. 3.3 &3.4). The relative expression was measured by Pfaffl 

method and the difference in expression level showing p>0.05 were taken as 

significant in one tailed t-test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: TaqMan quantitative PCR showing the relative expression (with respect 

to Actin gene) of RBP4, NQO1, TTR and SLPI in control saline and Ischemic 

reperfusion pig samples. The Data show significant expression of RBP4 and NQO1 

whereas TTR and SLPI gene was not expressed in comparison to control. The 

relative expression levels were calculated by Pfaffl method and statistically analyzed 

by t-test with p>0.05 considered significant. 
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Figures 3.5A to 3.14A show the comparison of cuffdiff analysis comparing gene 

expression between control & TRACK mouse, also similar analysis in control_Saline 

& Ischemic reperfusion. The analysis illustrate that all gene of interest TTR, NQO1, 

SLC30A2, FMOD, RBP4, HRG, MYC, ANAX2 and EGR1 are significantly expressed 

in pig except SLPI, where as in mouse (TRACK) apart from MMP7 all genes were 

significantly expressed. Further the integrated data of pig and mouse were 

extrapolated with human data in TCGA KIRC gene accounting 606 patients. The 

Figure 3.4: TaqMan quantitative PCR showing the relative expression of MMP7, 

SLC30A2, FMOD and HRG in control saline and Ischemic reperfusion pig samples. 

The Data show significant expression of MMP7 and FMOD and whereas SLC30A2 and 

HRG gene was not expressed in comparison to control. The relative expression levels 

were calculated by Pfaffl method and statistically analyzed by t-test with p>0.05 

considered significant 
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result showed that in human only two genes MYC and ANXA2 were highly expressed 

in cancer patient than normal. Rest of the genes TTR, NQO1, SLC30A2, MMP7, 

FMOD, RBP4, HRG, EGR1 and SLPI were expressed in Normal sample (Figures 

3.5B to 3.14B). 
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Figure 3.5: (A) Expression plot shows significant differential expression of the 

RBP4 gene across control and ccRCC in mouse model and pig control as 

compared to AKI, as measured by RNA sequencing with Benjamin-Hochberg 

(BH) post-hoc correction (p>0.05). (B) Gene Expression analysis of RBP4 gene 

on Cancer Genome Browser with human data in TCGA KIRC RNAseqV2 

(N=606 patients). The heatmap shows that RBP4 is significantly (t-test with 

Benjamini-Hochberg FDR post-hoc correction) more highly expressed in normal 

renal tissue (Red) as compared to matched tumour specimens (Green). 



88 

 

 

 

 

 

A 

B 

Figure 3.6: (A) Expression plot shows significant differential expression of the Myc 

gene across control and ccRCC in mouse model and pig control as compared to AKI, 

as measured by RNA sequencing with Benjamin-Hochberg (BH) post-hoc correction 

(p>0.05). (B) Gene Expression analysis of Myc gene on Cancer Genome Browser 

with human data in TCGA KIRC RNAseqV2 (N=606 patients). The heatmap shows 

that Myc is significantly (t-test with Benjamini-Hochberg FDR post-hoc correction) 

more highly expressed in normal patients (Red) than tumour (Green). 
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Figure 3.7: (A) Expression plot shows significant differential expression of the 

ANXA2 gene across control and ccRCC in mouse model and pig control as 

compared to AKI, as measured by RNA sequencing with Benjamin-Hochberg (BH) 

post-hoc correction (p>0.05). (B) Gene Expression analysis of ANXA2 gene on 

Cancer Genome Browser with human data in TCGA KIRC RNAseqV2 (N=606 

patients). The heatmap shows that ANXA2 is significantly (t-test with Benjamini-

Hochberg FDR post-hoc correction) more highly expressed in normal patients 

(Red) than tumour (Green). 
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Figure 3.8; (A) Expression plot shows significant differential expression of the NQO1 

gene across control and ccRCC in mouse model and pig control as compared to AKI, as 

measured by RNA sequencing with Benjamin-Hochberg (BH) post-hoc correction 

(p>0.05). (B) Gene Expression analysis of NQO1 gene on Cancer Genome Browser with 

human data in TCGA KIRC RNAseqV2 (N=606 patients). The heatmap shows that 

NQO1 is significantly (t-test with Benjamini-Hochberg FDR post-hoc correction) more 

highly expressed in normal patients (Red) than tumour (Green). 
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Figure 3.9: (A) Expression plot shows significant differential expression of the MMP7 

gene across control and ccRCC in mouse model and pig control as compared to AKI, 

as measured by RNA sequencing with Benjamin-Hochberg (BH) post-hoc correction 

(p>0.05). (B) Gene Expression analysis of MMP7 gene on Cancer Genome Browser 

with human data in TCGA KIRC RNAseqV2 (N=606 patients). The heatmap shows 

that MMP7 is significantly (t-test with Benjamini-Hochberg FDR post-hoc correction) 

more highly expressed in normal patients (Red) than tumour (Green). 
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Figure 3.10: (A) Expression plot shows significant differential expression of the 

FMOD gene across control and ccRCC in mouse model and pig control as compared 

to AKI, as measured by RNA sequencing with Benjamin-Hochberg (BH) post-hoc 

correction (p>0.05). (B) Gene Expression analysis of FMOD gene on Cancer Genome 

Browser with human data in TCGA KIRC RNAseqV2 (N=606 patients). The heatmap 

shows that FMOD is significantly (t-test with Benjamini-Hochberg FDR post-hoc 

correction) more highly expressed in normal patients (Red) than tumour (Green). 
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Figure 3.11: (A) Expression plot shows significant differential expression of the HRG 

gene across control and ccRCC in mouse model and pig control as compared to AKI, 

as measured by RNA sequencing with Benjamin-Hochberg (BH) post-hoc correction 

(p>0.05). (B) Gene Expression analysis of HRG gene on Cancer Genome Browser with 

human data in TCGA KIRC RNAseqV2 (N=606 patients). The heatmap shows that 

HRG is significantly (t-test with Benjamini-Hochberg FDR post-hoc correction) more 

highly expressed in normal patients (Red) than tumour (Green). 
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Figure 3.12: (A) Expression plot shows significant differential expression of the TTR 

gene across control and ccRCC in mouse model and pig control as compared to AKI, 

as measured by RNA sequencing with Benjamin-Hochberg (BH) post-hoc correction 

(p>0.05). (B) Gene Expression analysis of TTR gene on Cancer Genome Browser with 

human data in TCGA KIRC RNAseqV2 (N=606 patients). The heatmap shows that 

TTR is significantly (t-test with Benjamini-Hochberg FDR post-hoc correction)  more 

highly expressed in normal patients (Red) than tumour (Green). 



95 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B 

A 

Figure 3.13: (A) Expression plot shows significant differential expression of the SLC30A2 

gene across control and ccRCC in mouse model and pig control as compared to AKI, as 

measured by RNA sequencing with Benjamin-Hochberg (BH) post-hoc correction 

(p>0.05). (B) Gene Expression analysis of SLC30A2 gene on Cancer Genome Browser 

with human data in TCGA KIRC RNAseqV2 (N=606 patients). The heatmap shows that 

SLC30A2 is significantly (t-test with Benjamini-Hochberg FDR post-hoc correction) more 

highly expressed in normal patients (Red) than tumour (Green). 
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Figure 3.14: (A) Expression plot shows significant differential expression of the 

EGR1 gene across control and ccRCC in mouse model and pig control as 

compared to AKI, as measured by RNA sequencing with Benjamin-Hochberg 

(BH) post-hoc correction (p>0.05). (B) Gene Expression analysis of EGR1 gene 

on Cancer Genome Browser with human data in TCGA KIRC RNAseqV2 

(N=606 patients). The heatmap shows that EGR1 is significantly (t-test with 

Benjamini-Hochberg FDR post-hoc correction) more highly expressed in normal 

patients (Red) than tumour (Green). 
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3.3  Discussion   

There is an urgent need to develop new methods to diagnose and treat both AKI and 

ccRCC. For this reason in the last decade new and improved models for AKI 

(Nagasaki et al., 2011; Bellomo et al., 2012; Singh  et al., 2012; Skrypnyk  et al., 

2013; Ramesh and Ranganathan, 2014; Jang et al., 2015;  Kate etal., 2016) and 

ccRCC ( Rankin  et al., 2006; Fu et al., 2011; Giraud, et al., 2011; Albers  et al., 2013; 

Pritchett et al., 2015; Schokrpur et al., 2016) were developed. Ischemia reperfusion 

injury is the most frequent reason of AKI in both native and transplanted kidneys 

(IRI) (Liano and Pascual, 1996; Mehta et al., 2004; Devarajan, 2006; Jang et al., 

2009; Bonventre and Yang, 2011; Giraud, et al., 2011; Basile et al., 2012; Malek and 

Nematbakhsh, 2015; Nielsen et al., 2017). It is established that the anatomical and 

metabolic characteristics of kidney determine the mechanism of IRI (Silva, 1990;  

Giraud, et al., 2011;  Liu et al., 2012; Wei et al., 2014; Nielsen et al., 2017). 

Ischemia/reperfusion created resilient, extensive changes of metabolites in kidney 

cortex, kidney medulla, and plasma over time (Wei et al., 2014). Literature reported 

some metabolites that showed continuous or sustained decrease in kidney tissues in all 

reperfusion time points for example serine and threonine metabolism, N-

methyldiethanolamine for glycine, glutamate and glutamine for glutamate 

metabolism, inosine for purine metabolism [(hypo) xanthine/inosine containing); 

betaine and Isobar: betaine aldehyde, pentose metabolism; nicotinamide for nicotinate 

and nicotinamide metabolism; and succinylcarnitine (Liu et al., 2012; Wei et al., 

2014) whereas other metabolites viz  3-indoxyl sulfate significantly increases in AKI 

models and Patients (Zgoda-Pols et al., 2011; Wu et al., 2013; Uehara et al., 2014). 

The major research in this field is conducted on the smaller animals and the data 

obtained from these models is difficult to relate to human models (Lieberthal and 
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Nigam, 2000). Larger animals are considered appropriate models for the study of IRI 

especially for the transplantation studies. Pig kidney is structurally more closely 

associated with the humans and is considered an idealy model for such studies 

(Sampaio et al., 1998; Lieberthal and Nigam, 2000; Pereira-Sampaio  et al., 2004; 

Helio et al., 2008).  

In the present study  the analysis of 2 x control_saline and 2 x IR (ischemia 

reperfusion) pig samples were done and compared these to the control (x3) and 

TRACK (x3) mice differential gene  lists from cuffdiff. This has identified a cohort of 

37 genes common to both disease processes. Several of these genes in the pig samples 

were validated.  It was better to increase the number of samples of pig as well as 

human sample so the data will be more robust. Also only validated genes at mRNA 

levels, therefore need to validate at protein level too.  

This project was focused on transcriptional changes not on metabolic changes in both 

conditions that was subjected to another related Masters project at the same time. 

RNA sequencing was used to characterize the transcriptomes of (i) kidney specimens 

from pig AKI samples derived from ischemia reperfusion as a result of a 40 minute 

bilateral cross clamping of renal arteries followed by 48 hour reperfusion (David 

Gardner, personal communication) and (ii) kidney cancer specimens from the mouse 

TRACK model of ccRCC. This identified a key network of 37 differential genes 

common to both disease processes. The expression of these 37 genes were then 

analyzed using the cancer genome atlas KIRC (n=660) RNA sequencing dataset. The 

expression of MYC, ANXA2 and EGR1 were validated in both pig AKI and TRACK 

ccRCC by qRTCPR (N.Mongan, personal communication).  In this study we report 
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the qRTPCR validation of additional genes including RBP4, FMOD, NQO1, MMP7, 

SLC30A2, HRG, TTR and SLPI.  

 

SYBR-green qRTPCR analysis revealed that expression of MYC, RBP4, ANAXA 

genes but not EGR1 were significantly increased in tumour (TRACK). In pig AKI 

samples, hydrolysis probe (TaqMan™) qRTPCR analysis of expression of MYC, 

RBP4, FMOD, NQO1, MMP7 and EGR1 were significantly higher relative to control 

samples, but expression of ANXA2, SLC30A2, TTR, HRG and SLPI were unchanged. 

Interestingly, of these genes, only expression of MYC and ANXA2 are higher in 

human ccRCC samples relative to control non-malignant kidney in the TCGA KIRC 

RNAseqV2 database. One potential reason for this is that the non-malignant tissues 

included in the TCGA dataset are matched from patients with ccRCC. As the location 

of the source of the non-malignant tissue within the kidney relative to the ccRCC 

tumour is not available, it is possible that the well-establish local tumour “field 

effect”, whereby malignant tissue can influence gene expression of adjacent grossly 

normal tissue so that it more resembles malignant tissue. This may mask differential 

gene expression effects between true normal tissue and cancer. 

 

Also In the present study Genome browser tools were used that have its own 

limitations viz limited dimensions to show relationships among genomic features like 

coordinated expression of genes. The IGV and UCSC Cancer Genomics Browser 

Somehow overcome this problem by heatmap approach but it has its own limitation. 

For example it is tough to discriminate the false of copy-number alteration (CAN) 

among several genes is possible synergy or outcome of their location within 
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frequently amplified or Sorted chromosomic fragments. The function and biological 

relevance of these validated genes in kidney physiology and pathology is discussed 

below.  

3.3.1  MYC  

MYC is implicated in the tumourigenesis of different forms of human malignancies 

and affects the expression of wide-ranging human genes related to carcinogenesis 

(Patel et al., 2004). MYC expression has been shown to be important in control of 

G1/S transition in cell cycle progression of cancer cells. For example as breast cancer, 

osteosarcoma, lung carcinoma, lymphoblastoid, and menaloma cell lines (Prall et al., 

1998, Pajic et al., 2000, Santoni-Rugiu et al., 2000, Qi et al., 2007, Wang et al., 2008). 

MYC play role as modulator of cell cycle progression by controling the expression of 

cell cycle regulators (Zajac-Kaye, 2001, Carroll et al., 2002, Qi et al., 2007). The 

MYC oncogene involves in different mechanism through that it contributes to 

tumourigenesis of many types of cancer (Felsher and Bishop, 1999a, Felsher and 

Bishop, 1999b, Jain et al., 2002, Arvanitis and Felsher, 2005). The regulation of 

proliferation and growth, protein and ribosomal biogenesis, changes in metabolism, 

lipid synthesis, and induction of angiogenesis are some of the mechanism showing 

MYC gene involvement (Dang, 1999, Giuriato et al., 2006, Rakhra et al., 2010, van 

Riggelen et al., 2010). MYC expression can promote angiogenesis by increasing the 

expression of VEGFA, which plays a role in tumour angiogenesis (Veikkola et al., 

2000, Pelengaris et al., 2002). In ccRCC, Tang and colleagues (2009) demonstrated 

the activation of MYC-regulated pathways and its important roles in cell cycle 

progression, cellular proliferation and anchorage-independent growth of ccRCC cells. 

The MYC  pathway is activated in most cases of human RCC (Tang et al., 2009), 

amplified in 5–10% of patients, over-expressed in 20% (Creighton CJ, 2013) and is 
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associated with a hereditary RCC syndrome (Drabkin et al., 1985) suggesting a causal 

role in the pathogenesis. 

3.3.2  ANAX2  

Annexin A2 (ANXA2) coordinates multiple biologic processes and is associated with 

cancer progression. The structure of ANXA2 affects its cellular localization and 

function. Intracellular ANXA2 has been reported to play roles in exocytosis (Sarafian 

et al., 1991), endocytosis (Emans et al., 1993, Morel and Gruenberg, 2007) and 

membrane trafficking (Babiychuk and Draeger, 2000). Furthermore, ANXA2 is 

essential for lipid raft formation and signal transduction through its interaction with 

CD44, a cell receptor for hyaluronic acid that is richly expressed in lipid rafts 

(Oliferenko et al., 1999) Interestingly, Martin et al. in their recent findings suggest 

that ANXA2 serves as a ligand for C1q on apoptotic cells (Martin et al., 2012). ANXA2 

degradation is correlated with cellular apoptosis induced by p53-mediated pathways 

(Huang et al., 2005). For better understanding of molecular mechanism of ccRCC, 

require the identification of tumour-associated genes and construction of full-length 

enriched cDNA libraries of ccRCC and normal kidney tissues. 

Increased expression of ANXA2 is frequently observed in many cancer cell types. 

Overall, ANXA2 is over-expressed in acute lymphoblastic leukemia (ALL) (Spijkers-

Hagelstein et al., 2013), acute promyelocytic leukemia (APL) (Menell et al., 1999), 

breast cancer (Sharma et al., 2006a), colorectal carcinoma (CRC) (Emoto et al., 

2001b), gastric cancer (Emoto et al., 2001b) glioma (Roseman et al., 1994), 

hepatocellular carcinoma (HCC) (Mohammad et al., 2008), lung cancer (Sharma et 

al., 2006b, Wang et al., 2012a, Jia et al., 2013), multiple myeloma (MM) (Bao et al., 

2009), oral squamous cell carcinoma (OSCC) (Rodrigo et al., 2011), and pancreatic 
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cancer (Vishwanatha et al., 1993, Esposito et al., 2006). In addition to metastasis and 

invasion, previous studies have shown that ANXA2 is involved in tumour cell 

proliferation (Matsunaga et al., 2004, Bao et al., 2009, Braden et al., 2009). 

3.3.3  RBP4 

Retinol binding protein (Ad-hoc working group of Erbp) is a 21-kDa protein which is 

synthesized in the liver and involve in transporting vitamin A from the liver to other 

tissues. The glomerulus of kidney filtered it and further it catabolized and reabsorbed 

by the PCT. Bernard et al. found urinary RBP that considered as a highly sensitive 

indicator of renal tubule dysfunction as it precedes urinary NAG elevation in AKI 

patients from various etiologies (Bernard et al., 1987). Furthermore, according to 

Roberts et al., AKI in infants following birth asphyxia, the increased RBP levels in the 

first two days of life were predictive of clinically significant. In child this setting 

where reading of serum creatinine is predominantly challenging as it shows the  

maternal serum concentration to a noteworthy level (Roberts et al., 1990). However 

its potential significance in AKI and ccRCC remains poorly understood. 

3.3.4  NQO1 

NAD (P) H: quinone oxidoreductase (NQO1) is a ubiquitous cytosolic enzyme that 

comprises an obligatory two-electron reductase and catalyzes the reduction of quinone 

substrates. NQO1 gene expression is regulated by the ARE (antioxidant response 

element) in various tissues both in normal condition and during oxidative stress 

conditions (Nioi and Hayes, 2004). NQO1 is an inducible antioxidant enzyme. Its 

abundance is increased several orders of magnitude in response to the antioxidant 

Keap1/Nrf2/ARE pathway. Although a reduced or absent NQO1 activity has been 

correlated with increased risk for development of human cancers (Lin et al., 1999, 
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Traver et al., 1992), numerous studies specified upregulation of NQO1 in a number of 

cancers such as breast cancer, pancreatic cancer, cervical cancer, colorectal cancer, 

uterine melanoma, cholangiocarcinoma  and lung cancer (Ma et al., 2014, Yang et al., 

2014). The upregulation of NQO1 specifically in colorectal, breast and cervical 

cancers, found to be associated with the late clinical stage of the disease, poor 

differentiation and lymph node metastasis (Ma et al., 2014, Yang et al., 2014). When 

impact of expression levels of NQO1 was compared in patients with breast and 

cervical cancer, they show reduced disease-free Survival (DFS) and 5-year overall 

survival (OS) rates in highly expressing NQO1 patients than low expressing patients 

(Ma et al., 2014, Yang et al., 2014). Apart from that NQO1 activity can be noticed in 

many cancers that depict it is significantly higher than that in adjacent normal tissues 

(Terai et al., 2009, Cresteil and Jaiswal, 1991, Beall et al., 1995, Siegel et al., 1998).  

3.3.5  HRG 

Histidine-rich glycoprotein (HRG) is an abundant plasma glycoprotein that regulates 

several important biological processes. HRG has a multi-domain structure and it 

interacts with many ligands. Several cases associated with sites of tissue injury or 

tumour growth have been observed where the histidine-rich region of the molecule 

increases ligand binding that subsequently interact with Zn (2+) or exposure to low 

pH conditions (Jones et al., 2005). It has shown that HRG can modulate angiogenesis 

by a number of literatures (Guan et al., 2004, Brown and Parish, 1994, Simantov et 

al., 2001, Juarez et al., 2002, Donate et al., 2004, Olsson et al., 2004). Furthermore, its 

characteristic ability in regulation of many other physiological processes such as cell 

adhesion and migration (Hajjar et al., 1987, Chang et al., 1992, Lamb-Wharton and 

Morgan, 1993, Olsen et al., 1996, Mori et al., 2003), fibrinolysis and coagulation 

(Lijnen et al., 1983, Leung et al., 1989, Chang et al., 1994, Gorgani et al., 1996, 
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Gorgani et al., 2002, Borza and Morgan, 1997), complement activation, immune 

complex clearance and phagocytosis of apoptotic cells (Chang et al., 1992, Gorgani et 

al., 1996, Gorgani et al., 1997, Gorgani et al., 1999) have been shown in studies. 

3.3.6  MMP7 

MMP7 belong to matrix   metalloproteinase (MMP) family is a major family of ECM-

degrading enzymes and well known for its role in cancer invasion and metastasis 

(Nagase and Woessner, 1999, DeClerck et al., 2004). Tumour aggressiveness is 

influenced by many factors but destruction of the extracellular matrix (ECM) is one of 

the major early steps in a number of malignant tumours. Till date the complex role of 

matrix metalloproteinase-7 (MMP-7) or matrilysin 1 in cancer is poorly understood. 

Literature suggests MMP7 involvement in cell proliferation and angiogenesis in 

various cancers in addition to its invasive function (Di Nezza et al., 2002, Egeblad 

and Werb, 2002, Jiang et al., 2006). These features directing several researchers to 

considering pathological significance of MMP7 in cancer as well as  the role of MMP 

inhibitors as anti-tumour cure of different cancers. Patraki and Cardillo (2007) 

investigated differential expression of MMP7 and reported that it expressed variably 

in peritumoural normal areas than in benign epithelial neoplasias (renal papillary and 

oncocytomas) and RCC carcinomas. When compared in different subtypes of cancer 

it show highest immunopositive reaction in chromophobe RCC subtypes, followed by 

conventional clear-cell and chromophilic-papillary RCC and the lowest levels in 

spindle-cell and collecting-duct RCCs (more aggressive RCC). They also observed 

that MMP7 reached highest levels in high-grade and high-stage RCCs (Patraki and 

Cardillo, 2007). This advocates MMP7 has significant role in the development and 

progression of renal cancer. Differentia  expression of MMP7 imitate more aggressive 

behavior along with  malignant phenotype  of ccRCCs in the various histological 
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RCC subtypes In addition, Lu et al., compares expression of expression of MMP7 in 

ccRCC tissues and depicted significantly higher expression compared with that in the 

control group. The expression of MMP7 in the ccRCC tissues was significantly 

correlated with the pathological grade and clinical stage (Lu et al., 2013). 

3.4  Conclusion 

Of the 37 genes identified common to AKI and ccRCC, the differential expression of 

MYC and ANXA2 suggest a mechanistic link between these AKI and ccRCC. These 

findings are consistent with previous reports describing the activation of MYC 

pathway in hereditary RCC (Drabkin et al., 1985, Tang et al., 2009, Creighton CJ, 

2013). MYC is one of the oncogenes which are seen most often to be mutated and 

expressed at very high levels in human renal cell carcinoma (RCC). However, the role 

of MYC or any other known oncogenes in maintaining or initiating kidney cancer is 

still poorly understood  (Furge et al., 2007, Gordan et al., 2008, Beroukhim et al., 

2009, Tang et al., 2009, Yamamura et al., 2012, Liu et al., 2013).  Earlier studies have 

suggested that inactivation of MYC gene can bring about arrest of cell cycle, 

differentiation and apoptosis. Thus inactivation of MYC gene can lead to regression of 

many types of tumours (Arvanitis and Felsher, 2006, Watt et al., 2008). It has also 

been established that expression of MYC play an important role in progression 

through G1/S phase of cell cycle in different types of cancers such as osteosarcoma, 

breast cancer, lung carcinoma, lymphoblastoid, and menaloma cell lines (Prall et al., 

1998, Pajic et al., 2000, Santoni-Rugiu et al., 2000, Qi et al., 2007, Wang et al., 2008). 

MYC controls the progression through the cell cycle by regulating the expression of 

cell cycle regulators (Zajac-Kaye, 2001, Carroll et al., 2002, Qi et al., 2007). Tumours 

induced by MYC exhibit phenotypic characteristics of very aggressive subform of 

renal cell collecting-duct carcinoma (Liu et al., 2013). The upregulation of MYC was 
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validated in ccRCC tissues and cell lines. Abnormal proliferation, anchorage 

independent growth and  cell cycle arrested in the G0/G1 phase in ccRCC cells was 

significantly inhibited when MYC gene has been knockdown by MYC-specific siRNA 

(Tang et al., 2009). Differential expression of MYC gene is also observed in different 

types of cancers such as glioblastoma, colon cancer and breast cancer and plays 

critical roles in tumourigenesis (Nesbit et al., 1999, Pelengaris et al., 2002). MYC 

function as a transcription factor which binds to the CACGTG sequence (E-box 

motif) of DNA and can affect the expression of large  number of human genes which 

play role in the development of cell  carcinogenesis viz cell cycle progression, cell 

growth, metabolism, apoptosis, and angiogenesis (Adhikary and Eilers, 2005, Dang et 

al., 2006, Knoepfler, 2007). In this study, up-regulation of MYC expression was found 

in both AKI and in a mouse model of ccRCC and in human ccRCC. Kozma et al 

reported MYC amplification in ~8% of ccRCC (He et al., 1998, Vita and Henriksson, 

2006), however, Fan et al. showed that 17-18 percent of ccRCC tissues exhibit over-

expression of MYC gene (Fan et al., 2005). In ccRCC tissue it is believed that MYC 

activation can take through mechanism(s) other than the mechanism involved in the 

MYC amplification pathway. However, in majority of RCC cases the MYC pathway is 

activated (Tang et al., 2009), and it may involve genomic amplification in 5-10% 

patients, over-expression in about 20 % patients (Creighton CJ, 2013), and it is also 

linked with the hereditary RCC syndrome (Drabkin et al., 1985).  

ANXA2 is another gene which is expressed appreciably in the AKI, the TRACK 

mouse model and ccRCC patients. It is also known as p36 or calpactin I, lipocortin II, 

annexin II, placental anticoagulant protein IV or  chromobindin VIII (Hajjar and 

Krishnan, 1999) and produces a protein of 36 kDa (Hajjar and Krishnan, 1999). The 

expression of gene produces a protein annexin II which is associated with various 
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physiological activities such as anti-inflammatory, endocytosis, exocytosis and 

anticoagulation (Sarafian et al., 1991, Emans et al., 1993, Hajjar et al., 1998, Morel 

and Gruenberg, 2007), regulation of trafficking across the membrane (Babiychuk and 

Draeger, 2000) signal transduction, differentiation and apoptosis (Hanahan and 

Weinberg, 2011b, Sharma and Sharma, 2007, Bao et al., 2009, Lokman et al., 2011), 

cell proliferation (Lokman et al., 2011), phagocytosis (Fan et al., 2004), fibrinolysis 

and anticoagulation (Choi et al., 2001, Ling et al., 2004), angiogenesis (Ling et al., 

2004), and cell metastasis(Mai et al., 2000, Sharma et al., 2006a). Knockdown of 

ANXA2 is knocked results in inhibition of cell division and proliferation (Chiang et 

al., 1999). 

Malignant tumours are characterized by unregulated growth of the cells. It has been 

established that ANXA2 play a critical role in the synthesis of DNA, proliferation of 

cells and thus is responsible for cell cycle regulation (Eberhard et al., 2001). It has 

been observed that the ANXA2 is over-expressed in many of the cancers like breast 

cancer (Sharma et al., 2006), APL (Menell et al., 1999), gastric cancer (Emoto et al., 

2001a), acute lymphoblastic leukemia (ALL) (Spijkers-Hagelstein et al., 2013), 

colorectal carcinoma (CRC; (Emoto et al., 2001a), oral squamous cell carcinoma 

(OSCC) (Rodrigo et al., 2011), glioma (Roseman et al., 1994), lung cancer (Sharma et 

al., 2006a, Wang et al., 2012a, Jia et al., 2013),  multiple myeloma (MM) (Bao et al., 

2009), hepatocellular carcinoma (HCC, (Mohammad et al., 2008), ccRCC (Zhong et 

al., 2009) and pancreatic cancer (Vishwanatha et al., 1993, Esposito et al., 2006). 

ANXA2 is also associated cancer invasion and metastasis. A research work reported 

by Ohno et al. revealed that in comparison to the normal renal cortex the expression 

of ANXA2 is up-regulated in primary clear cell renal carcinoma cells (ccRCCs). 

Primary tissue of ccRCC and metastatic tumours were found to be positive for ANXA2 
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in 47.4% and 87.5% of cases respectively (Ohno et al., 2009). Expression of ANXA2 

in primary tissue is however it is associated with the progression to the later stages. 

The expression of ANXA2 gene was approximately 1.64 times enhanced in the tissue 

of RCC tumours when compared to the normal tissue which implicates that over-

expression is positively correlated with the development of RCC (Hirano et al., 2006). 

Collectively the results reported in this chapter is the first mechanistic evidence 

suggesting a link between AKI and ccRCC. Further work is required to substantiate 

this potential link in AKI and ccRCC patients. 
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Chapter 4: Conclusions and Future directions 

 

4.1  Conclusion 

The important role of hypoxia in AKI and ccRCC provided the rationale for this 

study. As noted earlier altered cell metabolism is characteristic of ccRCC and that is 

the outcome of increased HIF-responsive genes expression involved in glucose 

uptake, enhanced glycolytic metabolism, and decreased mitochondrial respiration. 

NDUFA4L2 is one of the most significantly expressed genes in ccRCC plays a major 

role in altering cellular metabolism. TRACK mice reveal increased expression of 

HIF-1α targeted genes responsible for shift in metabolism. The present study 

investigated whether HIF-1α over-expression increased genomic instability, as 

evidenced by alterations in transcription, splicing, transcript fusions or induction of 

SNVs. However the RNA sequencing analyzed here did not identify such 

transcriptional alterations in the TRACK mice, suggesting HIF-1α over-expression 

does not affect significantly alter these features in TRACK mice. This analysis did 

identify unique SNVs in the TRACK ccRCC model relative to wild-type control 

mice. Multiple variants in TRACK mice were identified including an intronic variant 

in the NDUFA4L2 locus predicted to alter NDUFA4L2 splicing and a coding variant 

in the CES3/Ces1d gene. Further analysis showed the prevalence of mutations in these 

genes in human ccRCC genomic data. A novel CES3 gene mutation was identified in 

mice over-expressing HIF-1α .CES3 (carboxylesterase 3) gene is an orthologue of 

human Ces1d, also known triglyceride hydrolase, is  involved in lipolysis by 

hydrolyzing stored triglycerides into fatty acids and facilitate the uptake and 

incorporation of nutrients into biomass that suggesting the potential functional 

significance of CES3 the identified variants in ccRCC. 
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In the present study only CES1d/CES3 is altered by coding-mutation and also 

showing splicing SNVs. Other ccRCC relevant genes including HIF-1α, HIF-2α, 

VHL, NDUFA4L2, VEGFA showed no coding alterations. Our mutation analysis 

identified variants predicted to alter splicing. Consistent with this, Cuffdiff and 

Sashimi plot analyses shows that NDUFA4L2, Hilpda, Zbtb38, Cdc58, Plekhm2 and 

Aldoa splicing was affected. This may indicate a known limitation of RNAseq in the 

identification of mutations affecting splicing junctions. The present study also sought 

to identify HIF-1α over-expression-induced fusion transcripts. Again, no oncogenic 

fusion transcripts were identified in these samples. This supports the conclusion that 

HIF-1α over-expression does not appear to be pro-mutagenic. 

The final chapter of the present study attempted to establish mechanistic links 

between AKI and kidney cancer. Thirty seven genes were found commonly 

differentially expressed by both the disease AKI and cancer, out of  which 24 genes 

were commonly up or down regulated in both disease process. This suggests that 

these genes may contribute to pathogenic processes in both AKI and ccRCC. Several 

genes of interest like MYC, ANXA2, EGR1, RBP4, FMOD, NQO1, MMP7, SLC30A2, 

HRG, TTR and SLPI were validated by TaqMan PCR in AKI and TRACK kidney 

specimens. Present study, the validation is restricted to mRNA levels. The MYC 

oncogene is most frequently go under mutation and is overexpressed in human renal 

cell carcinoma (RCC). Recent report has illustrated that ANXA2 is a RNA-binding 

protein which interacts with the nuclear oncogene mRNA along with c-myc and 

results in an increase in c-Myc protein (Filipenko et al., 2004). Therefore, the high 

expression of ANXA2 gene may contribute to ccRCC tumourigenesis by increasing 

the c-Myc protein level. This is the first mechanistic evidence supporting a 

predisposing link between AKI and ccRCC.   
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4.2  Future Directions 

Our result also show the potential role of a novel gene CES3 mutation in renal clear 

cell carcinoma which is involved in lipid metabolism. To date the impact of nutrition 

on kidney disease progression is under-investigated. Therefore, one of the future 

directive works could establish the relationship between diet and the risk of RCC. 

Second future work is validation of gene of interest in AKI and cancer tissue by 

immunohistochemistry (IHC). IHC is a method that visualizes protein localization in 

situ in tissue sections using antibodies. This will represent a robust validation of the 

mRNA analyses described here and is underway. 

The absence of appropriate transgenic animal models of renal cell carcinomas (RCCs) 

has made it difficult to identify and test new therapies for this disease. Only two genes 

were overexpressed in AKI, TRACK and in human tumours, whereas several other 

genes show high expression in cancer model. This may suggest that the TRACK 

model does not fully recapitulate the human tumour. Indeed one limitation to the 

TRACK model is its failure to metastasize. For this reason it will be necessary to 

develop a second generation TRACK model potential harboring additional genetic 

defects to develop a model of more aggressive disease. 

Finally, the potential mechanistic links between AKI and ccRCC was established that 

will need to be substantiated in both retrospective and prospective longitudinal health 

studies. In future validation will be done both in pig, mouse and human samples. 

Collectively our data has been identified a common differential gene network 

implicated both in AKI and Kidney cancers. It is necessary to test translates or 

significance of expression of these genes in human tissue sample from patient with 

AKI and RCC. In addition it will possible to test this link by examining retrospective 
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of Clinical record and Co-relating incidence of AKI and ccRCC. Such knowledge is 

required to prove that AKI can increase risk of ccRCC in patients. 
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ANNEXURE 

 

I. How to download data from SRA using command line 

#!/bin/bash 

nohup 

wgetftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/000/SRR1144040/SRR1144040.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/001/SRR1144041/SRR1144041.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/002/SRR1144042/SRR1144042.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/003/SRR1144043/SRR1144043.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/004/SRR1144044/SRR1144044.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/005/SRR1144045/SRR1144045.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/006/SRR1144046/SRR1144046.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/007/SRR1144047/SRR1144047.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/008/SRR1144048/SRR1144048.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/009/SRR1144049/SRR1144049.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/000/SRR1144050/SRR1144050.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/001/SRR1144051/SRR1144051.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/002/SRR1144052/SRR1144052.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/003/SRR1144053/SRR1144053.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/004/SRR1144054/SRR1144054.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/005/SRR1144055/SRR1144055.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/006/SRR1144056/SRR1144056.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/007/SRR1144057/SRR1144057.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/008/SRR1144058/SRR1144058.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/009/SRR1144059/SRR1144059.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/000/SRR1144060/SRR1144060.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/001/SRR1144061/SRR1144061.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/002/SRR1144062/SRR1144062.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/003/SRR1144063/SRR1144063.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/004/SRR1144064/SRR1144064.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/005/SRR1144065/SRR1144065.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/006/SRR1144066/SRR1144066.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/007/SRR1144067/SRR1144067.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/008/SRR1144068/SRR1144068.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/009/SRR1144069/SRR1144069.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/000/SRR1144070/SRR1144070.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/001/SRR1144071/SRR1144071.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/002/SRR1144072/SRR1144072.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/003/SRR1144073/SRR1144073.fastq.gz; 

wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR114/004/SRR1144074/SRR1144074.fastq.gz; 
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II. Alignments by Tophat (using iGenomes annotation and sequence files) and 

DEG calculation by Cufflinks, Cuffdiff 

tophat -p7 -o Ctrl43261 genome Ctrl4326_1.fastq.gz; 

tophat -p7 -o Ctrl43262 genome Ctrl4326_2.fastq.gz; 

tophat -p7 -o Ctrl43501 genome Ctrl4350_1.fastq.gz; 

tophat -p7 -o Ctrl43502 genome Ctrl4350_2.fastq.gz; 

tophat -p7 -o Ctrl43761 genome Ctrl4376_1.fastq.gz; 

tophat -p7 -o Ctrl43762 genome Ctrl4376_2.fastq.gz; 

tophat -p7 -o HIF1A4329_1 genome HIF1A4329_1.fastq.gz; 

tophat -p7 -o HIF1A4329_2 genome HIF1A4329_2.fastq.gz; 

tophat -p7 -o HIF1A4349_1 genome HIF1A4349_1.fastq.gz; 

tophat -p7 -o HIF1A4349_2 genome HIF1A4349_2.fastq.gz; 

tophat -p7 -o HIF1A4375_1 genome HIF1A4375_1.fastq.gz; 

tophat -p7 -o HIF1A4375_2 genome HIF1A4375_2.fastq.gz; 

 

cufflinks -p 7 -o newCtrl43261cuff -g genes.gtf Ctrl43261_accepted_hits.bam; 

cufflinks -p 7 -o newCtrl43262cuff -g genes.gtf Ctrl43262_accepted_hits.bam; 

cufflinks -p 7 -o newCtrl43501cuff -g genes.gtf Ctrl43501_accepted_hits.bam; 

cufflinks -p 7 -o newCtrl43502cuff -g genes.gtf Ctrl43502_accepted_hits.bam; 

cufflinks -p 7 -o newCtrl43761cuff -g genes.gtf Ctrl43761_accepted_hits.bam; 

cufflinks -p 7 -o newCtrl43762cuff -g genes.gtf Ctrl43762_accepted_hits.bam; 

cufflinks -p 7 -o newHIF1A4329_1cuff -g genes.gtf HIF1A43291_accepted_hits.bam; 

cufflinks -p 7 -o newHIF1A4329_2cuff -g genes.gtf HIF1A43292_accepted_hits.bam; 

cufflinks -p 7 -o newHIF1A4349_1cuff -g genes.gtf HIF1A43491_accepted_hits.bam; 

cufflinks -p 7 -o newHIF1A4349_2cuff -g genes.gtf HIF1A43492_accepted_hits.bam; 

cufflinks -p 7 -o newHIF1A4375_1cuff -g genes.gtf HIF1A43751_accepted_hits.bam; 

cufflinks -p 7 -o newHIF1A4375_2cuff -g genes.gtf HIF1A43752_accepted_hits.bam; 

 

cuffdiff -o trackcuffdiff -p 8 genes.gtf 

Ctrl43261_accepted_hits.bam,Ctrl43262_accepted_hits.bam,Ctrl43501_accepted_hits.ba

m,Ctrl43502_accepted_hits.bam,Ctrl43761_accepted_hits.bam,Ctrl43762_accepted_hits.

bam 

HIF1A43291_accepted_hits.bam,HIF1A43292_accepted_hits.bam,HIF1A43491_accepted

_hits.bam,HIF1A43492_accepted_hits.bam,HIF1A43751_accepted_hits.bam,HIF1A43752

_accepted_hits.bam 

 

 

III. Alignment and DEG calculation by RSEM 

rsem-calculate-expression -p 6 --bowtie2 --estimate-rspd --append-names --output-

genome-bam HIF1A4329_1.fastq.gz mouse_ref_rsem/mouse_ref rsem/hif1a43291; 

rsem-calculate-expression -p 6 --bowtie2 --estimate-rspd --append-names --output-

genome-bam HIF1A4329_2.fastq.gz mouse_ref_rsem/mouse_ref rsem/hif1a43291; 

rsem-calculate-expression -p 6 --bowtie2 --estimate-rspd --append-names --output-

genome-bam HIF1A4349_1.fastq.gz mouse_ref_rsem/mouse_ref rsem/hif1a43491; 
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rsem-calculate-expression -p 6 --bowtie2 --estimate-rspd --append-names --output-

genome-bam HIF1A4349_2.fastq.gz mouse_ref_rsem/mouse_ref rsem/hif1a43492; 

rsem-calculate-expression -p 6 --bowtie2 --estimate-rspd --append-names --output-

genome-bam HIF1A4375_1.fastq.gz mouse_ref_rsem/mouse_ref rsem/hif1a43751; 

rsem-calculate-expression -p 6 --bowtie2 --estimate-rspd --append-names --output-

genome-bam HIF1A4375_2.fastq.gz mouse_ref_rsem/mouse_ref rsem/hif1a43752; 

rsem-calculate-expression -p 6 --bowtie2 --estimate-rspd --append-names --output-

genome-bam Ctrl4326_1.fastq.gz mouse_ref_rsem/mouse_ref rsem/ctrl43261; 

rsem-calculate-expression -p 6 --bowtie2 --estimate-rspd --append-names --output-

genome-bam Ctrl4326_2.fastq.gz mouse_ref_rsem/mouse_ref rsem/ctrl43262; 

rsem-calculate-expression -p 6 --bowtie2 --estimate-rspd --append-names --output-

genome-bam Ctrl4376_1.fastq.gz mouse_ref_rsem/mouse_ref rsem/ctrl43761 

rsem-calculate-expression -p 6 --bowtie2 --estimate-rspd --append-names --output-

genome-bam Ctrl4376_2.fastq.gz mouse_ref_rsem/mouse_ref rsem/ctrl43762; 

rsem-calculate-expression -p 6 --bowtie2 --estimate-rspd --append-names --output-

genome-bam Ctrl4350_1.fastq.gz mouse_ref_rsem/mouse_ref rsem/ctrl43751; 

rsem-calculate-expression -p 6 --bowtie2 --estimate-rspd --append-names --output-

genome-bam Ctrl4350_2.fastq.gz mouse_ref_rsem/mouse_ref rsem/ctrl43752; 

 

IV. MapSplice 

python /home/svznpm/MapSplice-v2.1.8/mapsplice.py -c /home/svznpm/MapSplice-

v2.1.8/chromFa -x /home/svznpm/MapSplice-v2.1.8/bowtie_index/built_bowtie_index -1 

/media/svznpm/Data2/ngs/Mus_musculus_Ensembl_GRCm38/HIF1A4375_1.fastq -o 

hif1a43751mapsplice; 

python /home/svznpm/MapSplice-v2.1.8/mapsplice.py -c /home/svznpm/MapSplice-

v2.1.8/chromFa -x /home/svznpm/MapSplice-v2.1.8/bowtie_index/built_bowtie_index -1 

/media/svznpm/Data2/ngs/Mus_musculus_Ensembl_GRCm38/HIF1A4375_2.fastq -o 

hif1a43752mapsplice; 

python /home/svznpm/MapSplice-v2.1.8/mapsplice.py -c /home/svznpm/MapSplice-

v2.1.8/chromFa -x /home/svznpm/MapSplice-v2.1.8/bowtie_index/built_bowtie_index -1 

/media/svznpm/Data2/ngs/Mus_musculus_Ensembl_GRCm38/HIF1A4329_1.fastq -o 

hif1a43291mapsplice; 

python /home/svznpm/MapSplice-v2.1.8/mapsplice.py -c /home/svznpm/MapSplice-

v2.1.8/chromFa -x /home/svznpm/MapSplice-v2.1.8/bowtie_index/built_bowtie_index -1 

/media/svznpm/Data2/ngs/Mus_musculus_Ensembl_GRCm38/HIF1A4329_2.fastq -o 

hif1a43292mapsplice; 

python /home/svznpm/MapSplice-v2.1.8/mapsplice.py -c /home/svznpm/MapSplice-

v2.1.8/chromFa -x /home/svznpm/MapSplice-v2.1.8/bowtie_index/built_bowtie_index -1 

/media/svznpm/Data2/ngs/Mus_musculus_Ensembl_GRCm38/HIF1A4349_1.fastq -o 

hif1a43491mapsplice; 

python /home/svznpm/MapSplice-v2.1.8/mapsplice.py -c /home/svznpm/MapSplice-

v2.1.8/chromFa -x /home/svznpm/MapSplice-v2.1.8/bowtie_index/built_bowtie_index -1 

/media/svznpm/Data2/ngs/Mus_musculus_Ensembl_GRCm38/HIF1A4349_2.fastq -o 

hif1a43492mapsplice; 
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python /home/svznpm/MapSplice-v2.1.8/mapsplice.py -c /home/svznpm/MapSplice-

v2.1.8/chromFa -x /home/svznpm/MapSplice-v2.1.8/bowtie_index/built_bowtie_index -1 

/media/svznpm/Data2/ngs/Mus_musculus_Ensembl_GRCm38/Ctrl4376_1.fastq -o 

ctrl43761mapsplice; 

python /home/svznpm/MapSplice-v2.1.8/mapsplice.py -c /home/svznpm/MapSplice-

v2.1.8/chromFa -x /home/svznpm/MapSplice-v2.1.8/bowtie_index/built_bowtie_index -1 

/media/svznpm/Data2/ngs/Mus_musculus_Ensembl_GRCm38/Ctrl4376_2.fastq -o 

ctrl43762mapsplice; 

python /home/svznpm/MapSplice-v2.1.8/mapsplice.py -c /home/svznpm/MapSplice-

v2.1.8/chromFa -x /home/svznpm/MapSplice-v2.1.8/bowtie_index/built_bowtie_index -1 

/media/svznpm/Data2/ngs/Mus_musculus_Ensembl_GRCm38/Ctrl4350_1.fastq -o 

ctrl43501mapsplice; 

python /home/svznpm/MapSplice-v2.1.8/mapsplice.py -c /home/svznpm/MapSplice-

v2.1.8/chromFa -x /home/svznpm/MapSplice-v2.1.8/bowtie_index/built_bowtie_index -1 

/media/svznpm/Data2/ngs/Mus_musculus_Ensembl_GRCm38/Ctrl4350_2.fastq -o 

ctrl43502mapsplice; 

python /home/svznpm/MapSplice-v2.1.8/mapsplice.py -c /home/svznpm/MapSplice-

v2.1.8/chromFa -x /home/svznpm/MapSplice-v2.1.8/bowtie_index/built_bowtie_index -1 

/media/svznpm/Data2/ngs/Mus_musculus_Ensembl_GRCm38/Ctrl4326_1.fastq -o 

ctrl43261mapsplice; 

python /home/svznpm/MapSplice-v2.1.8/mapsplice.py -c /home/svznpm/MapSplice-

v2.1.8/chromFa -x /home/svznpm/MapSplice-v2.1.8/bowtie_index/built_bowtie_index -1 

/media/svznpm/Data2/ngs/Mus_musculus_Ensembl_GRCm38/Ctrl4326_2.fastq -o 

ctrl43262mapsplice; 

 

V. Alignment with BWA 

bwa mem -t 7 musbwaidx Ctrl4326_1.fastq.gz > Ctrl4326_1.sam; 

bwa mem -t 7 musbwaidx Ctrl4326_2.fastq.gz > Ctrl4326_2.sam; 

bwa mem -t 7 musbwaidx Ctrl4350_1.fastq.gz > Ctrl4350_1.sam; 

bwa mem -t 7 musbwaidx Ctrl4350_2.fastq.gz > Ctrl4350_2.sam; 

bwa mem -t 7 musbwaidx Ctrl4376_1.fastq.gz > Ctrl4376_1.sam; 

bwa mem -t 7 musbwaidx Ctrl4376_2.fastq.gz > Ctrl4376_2.sam; 

bwa mem -t 7 musbwaidx HIF1A4329_1.fastq.gz > HIF1A4329_1.sam; 

bwa mem -t 7 musbwaidx HIF1A4329_2.fastq.gz > HIF1A4329_2.sam; 

bwa mem -t 7 musbwaidx HIF1A4375_1.fastq.gz > HIF1A4375_1.sam; 

bwa mem -t 7 musbwaidx HIF1A4375_2.fastq.gz > HIF1A4375_2.sam; 

bwa mem -t 7 musbwaidx HIF1A4349_1.fastq.gz > HIF1A4349_1.sam; 

bwa mem -t 7 musbwaidx HIF1A4349_2.fastq.gz > HIF1A4349_2.sam; 
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6. SNV identification for Tophat2 and BWA alignment files 

a. SAM files generated by BWA alignments are convered to SAM format using Samtool 

view 

samtools view -bS input.sam > input.bam; 

b. BAM files are sorted using Samtools sort 

samtools sort input.bam input.sort.bam 

c. Samtools rmdup used to remove duplucats 

samtools rmdup -s input.sort.bam input.sort.rmdup.bam 

d. Samtools mpileup used to identify variants relative to reference genome  

samtools mpileup -g -f genome.fa input.sort.rmdup.bam > input.sort.rmdup.raw.bcf 

e. Bcftools used to filter 

bcftools view -bvcg  input.sort.rmdup.raw.bcf > input.sort.rmdup.var.bcf 

f. Bcftools used to convert bcf to vcf format 

bcftools view HIF1A4329_1.sort.rmdup.var.bcf vcfutils.pl varFilter - > 

HIF1A4329_1.sort.rmdup.varbcf.vcf 

g. vcfintersect (from VCFlib) used to intersect vcf files from Control and TRACK 

respectively 

vcfintersect -i ctrl4326.sort.rmdup.varbcf.vcf ctrl4376.sort.rmdup.varbcf.vcf -r genome.fa 

> ctrl4326.vcf 
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